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ABSTRACT 
Some lactic acid bacteria (LAB) are capable of growing on stored meat and inhibiting 
pathogenic and spoilage bacteria of concern to the meat industry using a range of mechanisms 
including general competition and/or the production of specific inhibitory molecules such as 
bacteriocins. Provided they do not represent a safety or spoilage risk themselves, such LAB 
offer a potentially useful source of strains for the bio-preservation of stored meat. A study was 
undertaken to determine if such LAB could be isolated from New Zealand meat-related 
environments and if so the nature of their inhibitory activities. A collection of 199 strains, 
including 75 isolates from chilled meat sources, was evaluated using simple screening 
methods for inhibitory activities against meat-associated pathogens and spoilage bacteria. 
Three strains of Lactobacillus sakei and one strain each of Leuconostoc carnosum, 
Carnobacterium maltaromaticum, Lactococcus lactis and Lactococcus garvieae were found 
to inhibit one or more of the spoilage and pathogenic bacteria Brochothrix thermosphacta, 
Clostridium estertheticum, Listeria monocytogenes and Campylobacter jejuni. Much of this 
inhibition was attributed to the activity of bacteriocin-like molecules. Meat inoculation and 
storage experiments were then performed using selected strains. Three strains of L. sakei were 
observed to grow on lamb and beef and to be associated with inhibition of eo-inoculated 
L. monocytogenes and C. jejuni and reduced gas production in packs eo-inoculated with 
Cl. estertheticum. Sensory and spoilage product analysis of stored lamb inoculated with a 
three-strain cocktail of L. sakei showed that although higher levels of lactic and acetic acid 
and lower pH levels were associated with inoculated samples, overall sensory acceptance of 
inoculated samples was no lower than for normal product. The results of this work 
characterize a collection of predominantly L. sakei LAB strains that may provide the basis for 
developing useful products for the bio-preservation of chilled New Zealand export meat. 
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RESUME 
Certaines bacteries lactiques (LAB) sont capables de se developper sur les produits carnes en inhibant 
les bacteries pathogenes ou d'alteration qui representent un souci sanitaire et economique pour 
l'industrie de la viande. Les LAB inhibent la croissance des micro-organismes indesirables par divers 
mecanismes, incluant une competition pour le substrat et/ou la production de molecules inhibitrices 
specifiques telles que des bacteriocines. En conditions de developpement maitrise, et en absence 
d'alteration des qualites organoleptiques du produit, elles peuvent representer d'excellents candidats 
pour la bio-conservation des viandes. L'objectif de ce travail etait de determiner si de telles souches de 
LAB pouvaient etre isolees a partir de viandes neo-zelandaises et de mettre en evidence la nature de 
leur acticite inhibitrice. Une collection de 199 souches de LAB de Nouvelle-Zelande, dont 75 isolees 
de viande refrigeree, a ete criblee en milieu gelose pour leurs activites competitrices contre des 
bacteries pathogenes ou d'alteration. Trois souches de Lactobacillus sakei, une souche de Leuconostoc 
carnosum, de Carnobacterium maltaromaticum, de Lactococcus lactis et de Lactococcus garvieae 
avaient la capacite d'inhiber la croissance d'une ou plusieurs bacteries pathogenes ou d'alteration telles 
que Listeria monocytogenes, Campylobacter jejuni, Brochothrix thermosphacta ou Clostridium 
estertheticum. Cette inhibition a ete attribuee en grande partie a l'activite de molecules proches de 
bacteriocines produites par les LAB. Des experiences d'inoculation de viandes d'agneau et de breuf ont 
ete ensuite realisees avec des souches selectionnees. Trois souches de L. sakei se sont developpees sur 
les viandes refrigerees. De fa<;on concomitante, la croissance deL. monocytogenes et de C. jejuni co-
inocules avec les souches de LAB a ete inhibee et la production de gaz dans des emballages co-
inocules avec Cl. estertheticum a ete reduite. L'analyse de la deterioration de la viande d'agneau a 
montre des concentrations plus elevees d'acide lactique et d'acide acetique ainsi qu'une reduction du 
pH en presence d'un cocktail de trois souches de L. sakei. Neanmoins, l'acceptation sensorielle globale 
des echantillons inocules avec L. sakei n'etait pas differente de celle du produit non inocule. Les 
resultats de ce travail ont permis la caracterisation d'une collection de souches de LAB et devraient 
fournir une base pour le developpement de produits utiles a la bio-conservation de la viande refrigeree 
de Nouvelle-Ulande destinee a !'exportation. 
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A general introduction to the lactic-acid bacteria: their taxonomy, physiology, anti-
microbial properties and history of use. New Zealand's chilled meat trade, current 
approaches to preservation and the possible advantages of bio-preservation using LAB 
Foreword 
'Bio-preservation' of chill-stored fresh meat using lactic-acid bacteria (LAB) is a relatively 
recent extension of food preservation approaches used since antiquity. Before discussing this 
topic it is necessary to first define what is meant by the term LAB. Generally speaking, LAB 
are a loose grouping of diverse bacterial species related to each other by relatively few 
phenotypic and genotypic characteristics. Today, the LAB are still passing through a period of 
taxonomic flux so, for the purposes of this thesis, I have adopted a definition based on the 
approach of Lars Axelsson (currently based at Matforsk in Norway) who is in my view a 
leading authority on LAB taxonomy. This definition relates to those Gram positive bacteria 
that are non-sporulating, devoid of cytochromes, aero-tolerant, acid tolerant and strictly 
fermentative with lactic acid as a major end-product of sugar fermentation. I have added to 
Axelsson's definition by including 'catalase negative on simple media' because some LAB 
species can react positively for catalase under certain situations. I have also added 'regular 
morphology' and 'low G+C content'. This excludes the bifidobacteria, which are more 
closely related to the Actinomyces branch of Gram positive bacteria than the sixteen LAB 
genera discussed in this chapter. 
1. The Lactic-Acid Bacteria 
The LAB are a nebulous group of bacteria associated with a range of environments including 
plants and animals. In particular they are associated with foodstuffs and have long been used 
for the manufacture of dairy products such as cheese and yoghurt; fermented meats such as 
salamis; and fermented vegetables such as sauerkraut. They can have beneficial properties in 
1 
the gut (probiotics). Occasionally, some strains of LAB have been associated with spoilage 
and pathogenicity (Chill et al. 2002). 
1.1. Historical developments 
LAB have a long history of use by humans. Hence, it is not surprising that a large and diverse 
number of taxonomic systems have been designed over the years in an attempt to define the 
group and rank members into some sort of cohesive order. Taxonomic approaches taken by 
different workers have often reflected the relative importance of particular LAB members to 
the world of the worker concerned. For example, streptococci feature prominently in 
approaches of LAB workers from the medical and dairy fields, whereas lactobacilli are 
prominent in approaches made by fermented food workers. The variety of approaches taken to 
LAB taxonomy has consequently resulted in much flux in the species groupings. 
Nevertheless, early approaches to LAB taxonomy probably first gelled into a reasonably 
cohesive order with the comprehensive classification attempt made by Orla-Jensen in 1919 
(Orla-Jensen 1919). An awareness of the major milestones in the use and characterization of 
LAB up until 1919, followed by Orla-Jensen's characterizations provides a useful basis for 
understanding the modern approach to LAB taxonomy. 
1.1.1 Significant milestones 
- from De Vuyst and Vandamme (1994b); Stiles and Holzapfel (1997); Chen and 
Hoover (2003). 
~3000BC Fermented dairy products consumed in Iraq, sour-dough bread consumed by 
early Europeans, beer produced in Babylon. 
1676 Leeuwenhoek documents 'antibiosis' -where the product of one organism can 
inhibit the development of another (Chen and Hoover 2003). 
Mid 1800's Studies by Pasteur on lactic acid fermentation (1857) and Lister's first 
isolation of the LAB (Bacterium lactis, now Lactococcus lactis) responsible 
for such fermentation (1873) indicated that a group of organisms existed that 
were responsible for organoleptic and preservative properties observed in a 
variety of foods (Stiles and Holzapfel 1997). Pasteur also demonstrated the 
inhibitive effect of Escherichia coli on Bacillus anthracis (1877), thus 
providing an early demonstration of the antagonistic nature of bacteriocins. 
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1884 Rosenbach characterizes Streptococcus pyogenes. 
1890 First use of cheese starter cultures by W eigmann and Storch. 
1899 Enterococci first recognised by Thiercelin. 
Late 1800's Metchnikoff stimulates interest in LAB as probiotics, initially (1892) through 
demonstrating bacterial interference by swallowing a cholera culture and 
showing that intestinal LAB restricted growth. This led to theories on LAB 
being health products and the use of 'bacteriotherapy' where LAB were used 
to treat minor intestinal ailments before the advent of antibiotics (V andenbergh 
1993). 
1901 Beijerinck (1851-1931) defines LAB as Gram positive rods, thus separating 
them from the coliforms which had earlier been included due to their fitting the 
contemporary definition of bacteria causing milk coagulation and fermentation 




Orla-Jensen provides first detailed approach to classifying LAB. 
Gratia discovers the first bacteriocin - a colicin. 
Genus Streptococcus described by Sherman and Lancefield on the basis of 
serology. 
1953 The term 'bacteriocin' coined by Jacob (De Vuyst and Vandamme 1994b). 
1987 Carnobacterium separated as a separate genus from Lactobacillus. 
1.1.2 Orla-Jensen's LAB classification 
Early characterizations of LAB tended to be generalized. An improved scheme was developed 
by Orla-Jensen who defined LAB as Gram positive, non-motile, non-spore-forming, rod or 
coccus-shaped, organisms that ferment carbohydrates and higher alcohols to form 
predominantly lactic acid (Orla-Jensen 1919). At first, Orla-Jensen divided organisms 
meeting these criteria into three groups based on biochemical reactions and growth 
temperatures: Betabacteria, Thermobacteria and Streptobacteria. Later, Orla-Jensen 
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redistributed the groups into seven genera (Table 1.1) that included consideration of cell 
morphology (Orla-Jensen 1919; Stiles and Holzapfel 1997; Chill er al. 2002). In modern 
times, the seven genera of Orla-Jensen have been again reorganized into 12 genera with the 
inclusion of genetic and additional physiological and growth differences. Microbacteria 
(Brochothrix) is no longer included as a LAB due to its catalase positive activity on simple 
media. 
Orla-Jensen's 'Thermobacteria' group included homofermentative1 strains of Lactobacillus 
capable of growth at 40 oc and includes the useful Thermobacterium bulgaricum 
(Lactobacillus bulgaricus) group of organisms important in dairy food production. The 
Streptococcus grouping was further refined in 1937 by Sherman and excludes strict anaerobes 
and bile sensitive organisms such as pneumococci (Stiles and Holzapfel 1997). 
1.2. Modern approaches to taxonomy 
The classification of LAB remains volatile. Historically, the modern LAB arose from an 
earlier grouping of four genera (Lactobacillus, Leuconostoc, Pediococcus, Streptococcus) 
based on cellular morphology (Stiles and Holzapfel 1997). Loosely speaking, LAB can be 
viewed as a group of morphologically variable (although they tend to be rods or cocci) Gram-
positive bacteria with an ability to produce organic acids. More specifically a modern 
definition of the group can be viewed as (Axelsson 1998): 
• Non-sporulating 
• Fermentative, producing lactic acid as the main product of carbohydrate 
fermentation 
• Catalase negative 
• Oxidase negative 
However, this definition appears to be somewhat ambiguous. For example, while LAB are 
unable to make their own porphryin molecules (e.g., haeme) and hence are not able to 
1 For a description, refer to Metabolism section. 
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Table 1.1 Orla-Jensen's key to differentiating LAB and their current classification 
Shape Catalase Nitrite Fermentation Current genera 
Reduction 
Betabacteria rod hetero- Lactobacillus 
Weissella 
Thermo bacteria rod homo- Lactobacillus 
Streptobacteria rod homo- Lactobacillus 
Carnobacterium 




Betacoccus coccus hetero- Leuconostoc 
Oenococcus 
Weissella 
Microbacteria rod + + homo- Brochothrix 
Tetracoccus coccus +a + homo- Pediococcus 
Tetragenococcus 
a Pseudocatalase (false positive reactions). 
5 
manufacture true catalase, LAB such as L. sakei possess haeme-dependent catalase (Chaillou 
et al. 2005) and react as catalase positive when grown on haeme-containing media such as 
blood agar. Other LAB are able to produce similar 'pseudo-catalases' (Hertel et al. 1998; 
Chaillou et al. 2005). An improved LAB definition would therefore stipulate being catalase 
negative on simple (non-porphryin containing) media. Similarly, while motility is not a 
property normally attributed to LAB, the possibility could be included to accommodate 
vagococci, motile species of carnobacteria such as C. funditum and C. mobile (Stiles and 
Holzapfel 1997) and more recently described motile LAB such as L. ghanensis (Nielsen et al. 
2007). 
Phylogenetically, LAB are related to the clostridial branch of Gram-positive bacteria, 
distinguished by low (<55%) G+C content. This differentiates them from bifidobacteria and 
propionibacteria which with high G+C (>55%) are closer to the actinomyces branch of Gram 
positive bacteria and thus may be excluded from a modern LAB definition. Bifidobacteria are 
also irregularly shaped cells, so a modern LAB definition could also restrict cell morphology 
to regular shapes such as rod and cocci (Scardovi 1986; Axelsson 1998). Modern molecular 
methods are furthering the development of LAB taxonomy doing much to support, refine and 
even challenge traditional groupings. For example, the genus Pediococcus originally formed a 
relatively cosmopolitan cluster of LAB containing a wide variety of phenotypic traits. After 
the genus was refined by reclassifying outlying strains into the new genera Aeromonas and 
Tetragenococcus, species such as P. dextrinicus still stood apart from the main grouping. 
Unlike other pediococci, P. dextrinicus forms chains and its plane of cell division is more like 
that of lactobacilli (Haakensen et al. 2009). Recent multi-locus analysis of P. dextrinicus 
genes ( 16S rRNA and others) indicated that P. dextrinicus is more closely related to the 
L. casei grouping of lactobacilli. Consequently P. dextrinicus has now been reclassified as 
L. dextrinicus (Haakensen et al. 2009). Similarly, phylogenetic approaches have differentiated 
some LAB from existing genera to the point where new genera have been proposed. For 
example, 16S rRNA multilocus analysis has led to the proposed name of Paralactobacillus 
selangorans for a strain of LAB isolated from the Malaysian food ingredient 'chilli bo' shown 
to be distantly related to L. casei and Pediococcus (Leisner et al. 2000). The new genus 
Abiotrophia has also been proposed for a clade of streptococci phylogenetically 
distinguishable from other streptococci (Collins and Lawson 2000). Nevertheless, although 
modern phylogenetic approaches are providing useful tools for refining LAB taxonomy the 
phylogenetic methods themselves may need further refining if the amount of flux observed is 
to be reduced. For example, the question of which genes are best to study to construct a 
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hierarchy needs to be considered. Phylogenetic trees based on analysis of 16S rRNA genes 
have traditionally been a popular method for grouping bacterial strain generally. However, for 
LAB taxonomy 16S rRNA analysis may not give as reliable, or even comparable, results as 
single gene approaches using other genes (Claesson et al. 2008). For example, Fig. 1 (Leisner 
et al. 2000) provides a useful overview of the relationship between LAB (and other low G+C 
organisms) based on 16S rRNA analysis (including the proposed new genus 
Paralactobacillus discussed above). In contrast, a phylogenetic tree based on analysis of the 
MurE family of murein synthases Fig. 1.2 (Makarova and Koonin 2007) illustrates how 
strains within such species as Le. lactis and L. plantarum can align differently depending on 
the genes studied for determining the taxonomic relationship. Ultimately, it may be the 
combination of phenotypic traits and multi-gene analyses that provide the most robust 
approach to building taxonomic trees for such a diverse group of organisms as LAB. 
1.2.1 The sixteen modern genera 
For the purpose of this thesis I will confine the definition of 'LAB' to the following 
modification of Axelsson (Axelsson 1998): 
• Gram positive 
• non-sporulating 
• regularly shaped 
• fermentative with lactic acid as the major end-product of sugar fermentation 
• catalase negative on non-porphryin-containing media 
• oxidase negative 
• of non-aerobic habit but aerotolerant 
This overall definition of LAB currently encompasses sixteen LAB genera. Six of these: 
Aerococcus, Alloiococcus, Dolosigranulum, Globicatella, Lactosphaera and Vagococcus are 
relatively minor and are rarely associated with foods so won't be considered further. The 
remaining ten genera are of importance to the food industry: Carnobacterium, Enterococcus, 
Lactobacillus, Lactococcus, Leuconostoc, Oenococcus, Pediococcus, Streptococcus, 
Tetragenococcus and Weisella. Seven of these ten genera are commonly associated with meat 
and meat products and are discussed below. The remaining three genera comprise non-meat 
associated strains: Oenococcus, comprising acid and alcohol tolerant strains important to the 
wine industry, Streptococcus, containing several species of relevance to the dairy industry and 
Tetragenococcus, associated with vegetable fermentations (Stiles and Holzapfel 1997). 
7 
Oenococcus oeni 
Lxtobxmus d~bru!Xkn group 
Streptococcus 
srr .. p.uoms 
su-ep. ro!r 
s. suMIIS Badl/us 
~ctocoo::u s 









Phyogenetic relationship between LAB and other low G+C organisms 
based on maximum-likelihood analysis of 16S rRNA sequences. 
- reproduced from the International Journal of Systematic and Evolutionary Biology 
(2000), 50, Fig. 1, p22, 'Description of Paralactobacillus selangorensis gen. nov., 
sp. nov., a new lactic acid bacterium isolated from chili bo, a Malaysian food 
ingredient.'. Reproduced with permission from the author2 and the copywrite 
holder3. 
2 
per. comm., J. Leisner, Feb 2010. 
3 
per. comm .. , IUMS, Feb 2010. 
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- reproduced from the Evolutionary Genomics of Lactic Acid Bacteria (2007), 
189, Fig. 5, p1203, 'Evolutionary Genomics of Lactic Acid Bacteria'. Reproduced 
with permission from the American Society for Microbiology
4
. 
4 License Number: 2370490606219 
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1.2.2 Meat -associated genera 
Carnobacterium 
The carnobacteria were originally included as species of Lactobacillus. However, differences 
in DNA homology and non-Lactobacillus-like behaviours (e.g., increased acetate sensitivity 
and better growth at elevated pH) led to them being incorporated into the new genus 
Carnobacterium. The genus currently includes nine species with two (C. divergens and 
C. maltaromaticum- originally L. divergens and L. maltaromicus) often associated with meat 
including vacuum-packaged chilled products (Holzapfel 1998; Leisner et al. 2007). In fact, 
the name Carnobacterium derives from the meat origin of many isolates (Collins et al. 1987; 
Chill et al. 2002). 
Enterococcus 
Enterococci form the basis of many traditional fermented foods, although the available range 
of species is limited due to the association of some strains with nosocomial infections 
(Holzapfel 2007). Enterococci are homofermentative organisms, yielding mainly lactic acid 
from glucose fermentation in acidic (<pH 5.4) environments. Quantities of ethanol, acetic 
acid and formic acid can be formed in alkaline (>pH 7) environments (Holzapfel 1998). 
Enterococcus faecium and Enterococcus faecalis are associated with the gastro-intestinal tract 
of mammals (including man) and can provide useful indicators of faecal meat contamination 
(Holzapfel 1998). 
Lactobacillus 
The genus Lactobacillus is one of several genera grouped together as 'regular, non-sporing 
Gram-positive rods'(Kandler and Weiss 1986b). The G+C content across representative 
species has been reported as ranging between 32-53 Mol% (Kandler and Weiss 1986a) and 
33-55 Mol% (Stiles and Holzapfel 1997) which, being wider than the 10% recommended as 
the outer limit for members of a well-defined genus, illustrates the view that the genus 
Lactobacillus is more a collection of organisms with similar traits rather than a genetically 
similar grouping (Stiles and Holzapfel 1997). This view is supported in that Lactobacillus 
species utilize a variety of carbohydrate fermentation modes. For example, L. acidophilus is 
obligately homofermentative whereas L. sakei is facultative and L. brevis obligately 
heterofermentative. 
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The Lactobacillus type strain is represented by the homofermentative species L. delbrueckii 
(Kandler and Weiss 1986a). Morphologically, cell shape varies among the lactobacilli from 
long slender rods (e.g., L. gasseri) to crescent shapes and coccoid forms (e.g., L. curvatus) 
(Kandler and Weiss 1986a). Some species have a tendency for chain formation and recently a 
motile species, L. ghanensis, has been described isolated from cocoa bean fermentations 
(Nielsen et al. 2007). The growth of lactobacilli tends to be enhanced by anaerobiosis (or at 
least a reduced oxygen atmosphere) and elevated C02. The growth range for most species is 
normally found between between 2 oc and 53 oc (Kandler and Weiss 1986a) although some 
strains commonly grow on stored foods as low as -1.5 oc (Gill 1983; Jones 2004). 
Lactobacilli are widely associated with fresh meat and meat products, with facultative and 
heterofermentative species commonly dominating microflora populations, particularly in 
vacuum-packaged and processed meat products (Holzapfel 1998). The facultative species 
L. sakei and L. curvatus are prominent in their association with meat products (Holzapfel 
1998; Najjari et al. 2008). The ability of L. sakei and L. curvatus to flourish under low 
temperature, low redox and low carbohydrate systems such as chilled vacuum-packaged meat 
is related to their fermentative abilities under impoverished environments, adaptation to the 
meat substrate, and an ability to resist and repair stress factors (Holzapfel 1998; Chaillou et al. 
2005). Some L. sakei strains have been associated with meat spoilage. For example, under 
vacuum-packed environments H2S production can cause greening due to sulphmyoglobin 
formation (Holzapfel 1998) as well as gas and off-flavour production (Borch et al. 1996). A 
large amount of chromosomal diversity is present within the L. sakei species reflecting re-
assortments in the flexible gene pool relating to survival in the wide range of environments in 
which the species is found (Chaillou et al. 2009). 
Lactococcus 
The lactococci comprise a relatively recent genus containing bacteria previously described as 
non-motile Lancefield Group N streptococci (motile strains were assigned to the new genus 
Vagococcus) (Schillinger and Lucke 1987; Stiles and Holzapfel 1997). Cells tend to be ovoid, 
especially along the plane of division, which can cause confusion with morphologically 
similar lactobacilli. For example, Le. lactis was once called Lactobacillus xylosus (Stiles and 
Holzapfel 1997). 
Like enterococci and pediococci, lactococci are homofermentative, producing mainly lactic 
acid from the fermentation of glucose by glycolysis (see Metabolism section). Le. lactis and 
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Le. raffinolactis can form minor parts of the microflora of fresh meat (Holzapfel 1998). 
Le. lactis is associated with fermented meat products (Aymerich et al. 1998) although it is 
better known for its role in the dairy industry. Some strains have acquired, by plasmid uptake, 
a very efficient PEP-PTS (phospho-enol-pyruvate phospho transferase system) which allows 
efficient uptake and fermentation of lactose from milk (Stiles and Holzapfel 1997). However, 
because many useful traits of Le lactis are plasmid mediated (e.g., citrate utilisation and di-
acetyl production) strains can be somewhat unstable. Sensitivity to bacteriophage is also a 
problem for commercial users of Le. lactis (Stiles and Holzapfel 1997). Nevertheless, 
Le. lactis produces a wide range of useful bacteriocins including nisin (Stiles and Holzapfel 
1997). 
Lactococci are unable to synthesize several required ammo acids and in milk rely on 
proteolytic breakdown of casein to obtain a full complement. This is a three-stage process: 
(1) CEP (cell wall-bound extracellular proteinase) breakdown into peptides followed by 
(2) peptide and amino-acid uptake transporters, (3) intra-cellular proteolysis for the final 
reduction of peptides to amino acids. A non-functional oligopeptide transporter renders 
lactococci unable to grow in milk (Juillard et al. 1995; Kunji 1996). 
Some lactococci are potentially pathogenic. For example, Le. garvieae has been associated 
with mastitis in cows (Stiles and Holzapfel 1997). 
Leuconostoc 
Leuconostoc are heterofermentative LAB capable of producing a range of organic end-
products via the pentose phosphate pathway (see Fig. 1.3). Carbon dioxide-producing strains 
such as Leu. carnosum have been associated with gas-blowing spoilage of packaged meats 
(Holzapfel 1998). Other strains, e.g., Leu. gasicomitatum in meat marinades (Bjorkroth et al. 
2000), have also been linked to spoilage of meat products. 
Pediococcus 
Pediococci are obligately homofermentative LAB generating mainly lactic acid from glucose 
via glycolysis. P. pentosus and P. acidilactici are major LAB associated with fermented meat 
products, due in part to their high tolerance of salt. However, they do not grow at 




Weisella is a relatively new genus composed of several historical Leuconostoc and 
heterofermentative Lactobacillus strains that possess similarities in their peptidoglycan inter-
peptide bridges. Some Weisella strains have been associated with gas production in packaged 
meats (Holzapfel 1998). 
1.3. Metabolism 
All LAB are fermentative, converting simple sugars such as glucose and lactose into lactic 
acid with or without other end products and with net generation of A TP. Some LAB species 
can also generate ATP by arginine degradation via the arginine deiminase (arginine 
dihydrolase) pathway. Other processes can also occur that raise the bio-energetic potential of 
the cell, such as the proton motive force generated during lactate efflux (Kandler and Weiss 
1986a). 
1.3.1 ATP production from carbohydrate fermentation 
LAB can be divided into three groups (homofermentative, heterofermentative and facultative) 
based on the mechanisms they use to generate ATP from sugars with the subsequent 
production of lactic acid and other significant hi-products (Holzapfel 1998). An overview of 
the two main types of fermentation modes is presented in Fig. 1.3. LAB can also be 
characterized by the types and ratios of lactate stereoisomers they produce from glucose. For 
example, Streptococcus and Pediococcus are homofermentative genera, but the former 
produces L(-) lactate while the pediococci produce D( +) lactate. Similarly, Leuconostoc 
species are heterofermentative and produce D( +) lactate whereas heterofermentative species 
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Figure 1.3 Carbohydrate metabolism in homofermentative and heterofermentative 
lactic acid bacteria 
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I. Obligately homofermentative LAB 
This group includes the genera Lactococcus, Pediococcus, Streptococcus, Enterococcus and a 
proportion of Lactobacillus (De Vuyst and Vandamme 1994a; Stiles and Holzapfel 1997). 
They form Group I of the three-group LAB classification described in Bergey' s Manual of 
Systematic Bacteriology (Kandler and Weiss 1986b) and roughly equate to Orla-Jensen's 
'Thermobacteria' grouping (Orla-Jensen 1919). 
Obligately homofermentative LAB possess FDP aldolase, allowing relatively direct 
conversion of hexoses to yield lactic acid as the predominant end-product (Chill et al. 2002). 
During the first steps (see Fig. 1.3) glucose is converted to glyceraldehyde-3-phosphate (G-3-
P) by the Embden-Meyerhof-Parnas pathway (glycolysis). If lactose is the substrate, it is first 
split into galactose and glucose with galactose converted into either glucose-6-phosphate or 
tagatose 1,6-di-phosphate (T-1,6-dP) before conversion into G-3-P. G-3-P is then converted 
into pyruvate and then to lactate by lactate dehydrogenase. This last step regenerates NAD+ 
maintaining the electron balance of the system. In contrast to heterofermentative strains, 
homofermentative strains do not possess phosphoketolase so are unable to ferment pentose 
sugars (De Vuyst and Vandamme 1994a). 
11. Obligately heterofermentative LAB 
Heterofermentative LAB include the genus Leuconostoc and a proportion of Lactobacillus 
species. They are able to convert both hexose and pentose sugars into lactic acid and 
significant amounts of other organic end-products. They form Group Ill of Bergey' s 
classification and roughly equate to Orla-Jensen's Betabacteria grouping. 
Unlike homofermentative LAB, heterofermentative LAB posses phosphoketolase so are able 
to generate a variety of organic end-products from hexose fermentation using the pentose 
phosphate pathway (Kandler and Weiss 1986a). In addition to lactic acid, heterofermentative 
LAB generate C02 and end-products such as acetic acid, diacetyl, and flavour-enhancing 
aldehydes which make these organisms useful in the dairy industry (Chill et al. 2002) as well 
as associating many of them with spoilage in other areas of food production (Stiles and 
Holzapfel 1997). 
Heterofermentative metabolism is initiated by conversion of glucose-6-phosphate into 
6-phosphogluconate (6-P-gluconate, Fig. 1.3). The next step results in a five carbon chain 
being formed (ribulose-5-phosphate) with the loss of one carbon as C02 (the source of the 
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'fizz' so desirable in certain fermented foods made using hetero-fermentative starter cultures). 
Ribulose-5-phosphate is then converted to xylulose-5-phosphate, which is split into G-3-P (a 
three-carbon molecule) and acetyl-phosphate (a 2-carbon molecule). G-3-P ultimately yields 
lactic acid via the glycolytic pathway. Acetyl-phosphate is converted into either acetate, 
which generates two extra molecules of ATP per glucose, or ethanol via acetaldehyde if 
suitable electron acceptors are not available. Overall, the heterofermentative system, while 
using a more complicated system of sugar metabolism, is more flexible in that it can utilize a 
range of different pathway options depending on the availability of electron acceptors. 
Pentose catabolism occurs in heterofermentative LAB after cellular uptake by permeases and 
conversion into xylulose-5-phosphate (De Vuyst and Vandamme 1994a). 
Ill. Facultative LAB 
Although homofermentative LAB do not possess phosphoketolase (so cannot utilise pentoses) 
some strains are able to express heterofermentative-like metabolism by generating quantities 
of ethanol, formic acid and acetic acid from hexoses using an inducible phosphoketolase 
when the lactic dehydrogenase activator (fructose-1,6-diphosphate) is limiting (e.g., in 
lactose- and glucose- limited media) (De Vuyst and Vandamme 1994a). Members of this 
group are termed facultative homofermentative LAB (De Vuyst and Vandarnme 1994a) and 
(perhaps confusingly) are also referred to as facultative heterofermentative Group 11 LAB 
(Kandler and Weiss 1986b). Facultative LAB roughly equate to the 'Streptobacteria' grouping 
of Orla-Jensen and includes L. sakei. 
1.3.2 ATP production from arginine degradation 
Microorganisms can utilise one, or a combination, of four major pathways to catabolise 
arginine: (1) Arginase Pathway (e.g., yeasts and Bacillus subtilus), (2) Arginine 
Transamidinase Pathway (e.g., Klebsiella aerogenes), (3) Arginine Deiminase Pathway (e.g., 
some LAB and clostridia), and (4) Arginine Decarboxylase Pathway (e.g, Enterobacter 
cloacae) (Abdelal 1979). Of these, the arginine deiminase pathway (ADI- also known as the 
arginine dihydrolase pathway) is a net producer of ATP and some species of LAB are able to 
use arginine as a sole energy source (Kandler and Weiss 1986a). An example is Enterococcus 
faecalis (albeit with slow growth) (Casiano-Colon and Marquis 1988). LAB species able to 
utilise the ADI pathway include some streptococci (Hardie 1986), pediococci (Garvie 1986), 
and most of the heterofermentative lactobacilli (Kandler and Weiss 1986a). In the ADI 
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pathway, arginine (4N per molecule) is first converted by arginine deiminase into citrulline 
(3N) with the release of one N as NH3. Citrulline is then cleaved by catabolic ornithine 
transcarbamoylase to yield ornithine (2N) and carbamoyl phosphate (lN) with the 
incorporation of one Pi molecule. Carbamoyl phosphate is then cleaved to NH3 and C02 by 
carbamate kinase with generation of one molecule of ATP. Ornithine is used to synthesize 
glutamate and proline (Abdelal 1979) plus a variety of other molecules (Umbarger and Zubay 
1993). 
Arginine utilization with ATP generation may provide a competitive advantage for LAB 
species when carbohydrates become limiting. Such competition may extend beyond energy 
production. For example, the ADI pathway generates alkali end products and thus may 
provide a useful vehicle for neutralising environments driven to a low pH by glycolytic 
fermentation. In oral ecosystems for example, pH can be driven to below 4.0 by acid tolerant 
strains such as Lactobacillus casei. Acid-sensitive and ADI-capable plaque LAB, such as 
Streptococcus sanguis, are able to buffer their environment by catabolising arginine to 
produce NH3, thus assisting local pH to be maintained at a more neutral level (Casiano-Colon 
and Marquis 1988). Therefore, although ATP generated from arginine catabolism can be used 
for energy, in some systems arginine may be catabolised regardless of cell energy 
requirements in a process designed to help stabilize the cell in sub-optimal environments. 
Neutralizing low-pH plaque by S. sanguis is one such process as is stabilizing the cell in chill-
stored meat environments (Champomier Verges et al. 1999). 
1.4. Nitrogen requirements 
LAB are generally not able to synthesize all of their required amino acids. They are therefore 
reliant on sourcing amino acids from their environment, either directly or by breaking down 
external proteins (Kunji 1996). The types and numbers of amino acids required vary between 
LAB species. For example, L. sakei is an organism adapted to the amino acid-rich 
environment of meat. It is auxotrophic for all but two amino acids and lacks the genetic 
elements required for proteolytic functions so is thought to obtain most of its nitrogen 
requirements from transporting free amino acids into the cell from the external environment 
(Chaillou et al. 2005). In contrast, lactococci are successful colonizers of milk, a low amino 
acid environment, partly because they possess the necessary proteases to breakdown casein 
into amino acids and peptides suitable for transport across the membrane (Kunji 1996) 
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[coincidentally, some of the resulting casein peptides also have anti-microbial activity (Meisel 
and Bockelmann 1999)]. 
1.5. Antimicrobial factors 
Humans have long benefited, probably unwittingly, from LAB anti-microbial properties in 
fermented foods (Cotter et al. 2005). It was not until the late 19th century that the inhibition of 
one bacterial species by another was first observed (Pasteur and Joubert 1877). There are 
several different ways LAB can restrict the growth of other bacteria. The primary preservative 
effect conferred on fermented products such as salami and sauerkraut is due to the production 
of acids (mainly lactic and acetic) by LAB, resulting in a decrease of the pH and a direct 
antimicrobial effect by the un-dissociated acid molecule (De Vuyst and Vandamme 1994a; 
Ammor et al. 2006). A range of other inhibitory factors, sometimes powerfully active against 
pathogens and food spoilage organisms, can also be produced by LAB. The antagonistic 
factors produced by LAB can be summarized as: Fermentation end products (e.g., acids, 
ethanol, hydrogen peroxide, carbon dioxide, diacetyl); Bacteriocins; and other small 
molecules (e.g., hypothiocyanate and reuterin). General competitive mechanisms, such as 
competition for space and nutrients, may also be involved. 
1.5 .1 Fermentation end-products 
I. Acids and ethanol 
Un-dissociated organic acid molecules are lipophilic and are thought to be able to move 
transiently across the bacterial cell membrane causing antimicrobial activity by disrupting 
membrane permeability and impacting critical systems such as oxidative phosphorylation 
transporters (Baird-Parker 1980; Ammor et al. 2006). The associated reduction of 
environmental pH (e.g. in foods) increases the proportion of un-dissociated acid in the 
environment, effecting a greater preservative activity. The pKa (where 50% acid is un-
dissociated) of most preserved foods lies between pH 3 and pH 5 (Baird-Parker 1980). 
In general, the ability of an organic acid to control microorganisms in food is influenced by 
environmental factors such as temperature, water activity (Aw), pH, fat content and substrate 
availability, as well as resistance properties associated with the target organism (Baird-Parker 
1980). Organic acids are less effective against microorganisms that metabolize them as carbon 
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sources (Baird-Parker 1980). The antimicrobial activity associated with organic acids tends to 
increase with increasing chain-length, up to around C10 when solubility becomes a problem 
(Baird-Parker 1980). Hence, propionic acid tends to be more active than acetic acid and also 
has a broader spectrum of anti-microbial activity - particular against Gram negative organisms 
(Barefoot and Nettles 1993). Most of the shorter-chain organic acids are ineffective between 
pH 5.5 and 5.8, whereas propionic and sorbic acids can be active above pH 6.0 (Baird-Parker 
1980). 
Lactic acid [CH3CHOHCOOH] is the most ubiquitous inhibitory agent generated by LAB, 
and is formed in several different ways depending on the type of metabolism used (see 
Metabolism section). Lactic acid is particularly inhibitory towards spore forming bacteria, 
Staphylococcus aureus and such Gram negative pathogens as Yersinia enterocolitica 
(Davidson 1997). When added to meat products at a concentration of 1-2%, lactic acid will 
inhibit Enterobacteriaceae as well as retard the growth of other spoilage organisms. Similarly, 
sodium lactate added to 2.5-5.0% will inhibit such Gram positive pathogens and spoilage 
organisms as Listeria monocytogenes and clostridia (Davidson 1997). 
Acetic acid is also an effective preservative, particularly as few species of microorganisms 
(LAB included) possess resistance. The presence of 1-2% un-dissociated acetic acid in such 
food products as meat and fish can inhibit microbial growth and 0.1% is sufficient to inhibit 
most food poisoning and spore-forming bacteria (Baird-Parker 1980). In contrast to acetic 
acid, lactic and citric acids have moderate antimicrobial activity and are not particularly 
effective microbial inhibitors except at low pH (Baird-Parker 1980). 
Longer chain acids may be produced by some LAB in small amounts. When added to foods in 
high concentrations they have proved useful for inhibiting microbial growth. For example, 
propionic acid and its salts are effective inhibitors of many bacterial species at concentrations 
of 0.05-0.1% of the un-dissociated acid. They are commonly used in the baking industry to 
prevent moulds and 'ropiness' (Baird-Parker 1980). Similarly, un-dissociated sorbic acid 
inhibits a wide range of Gram positive organism in acidic foods when present in 
concentrations ranging between 0.01% and 0.03% (Baird-Parker 1980). Higher concentrations 
are required for some Gram negative bacteria, e.g., 0.1% for Salmonella. Sorbic acid is 
comparatively less effective above pH 6.0 and is also relatively ineffective against LAB and 
other catalase negative organisms thus providing a useful selective additive in LAB selective 
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media such as MRSS medium [MRS medium at pH 5.8 and containing sorbic acid (Reuter 
1985)]. 
Inhibitory effects on bacteria due to ethanol are caused principally by damage to the plasma 
membrane (Ingram 1990). Inhibition of bacteria by relatively high concentrations of ethanol is 
a fundamental preservative mechanism in food industries such as wine making. In stored 
meat, ethanol production by LAB is lower with up to 0.15% w/v reported in drip sampled 
from vacuum-packaged stored beef containing large naturally acquired LAB populations 
(Jones 2004). It appears unclear as to how high the level of ethanol needs to be to 
significantly inhibit the growth of pathogens and spoilage organisms on meat so ethanol may 
only be complementary to other modes of antagonism. Homofermentative LAB generally 
produce little if any ethanol during sugar fermentation. In contrast, heterofermentative LAB 
are capable of generating larger amounts of ethanol via the pentose phosphate pathway (see 
Metabolism section). Moreover, some heterofermentative LAB (e.g., Leu. mesenteroides) can 
produce additional ethanol from the cleavage of mannitol, also produced from sugar 
fermentation (Wisselink et al. 2002). 
11. Hydrogen peroxide 
In the presence of oxygen, both homo- and heterofermentative LAB can generate hydrogen 
peroxide (H20 2) from reactions involving H+ ions produced during the reduction of NAD+ to 
NADH (De Vuyst and Vandamme 1994a). Such production is a consequence of the cell 
detoxifying reactive oxygen species as they cross the cell membrane. H20 2 disassociates in 
water into hydroxide ions and hydroxyl radicals. The latter species can destabilize bacterial 
cells through oxidative damage, especially to DNA. 
Lactobacilli are recognized as producers of significant amounts of H20 2 (Vandenbergh 1993). 
Some lactobacilli, e.g., L. sakei, possess effective mechanisms for repairing 'self-damage' 
from H20 2 production (Chaillou et al. 2005). It is thought that the production of H20 2 and its 
subsequent reaction to form inhibitory hypothiocyanate may provide competitive tools to help 
L. sakei flourish on stored meat, in addition to contributing to meat quality through the 
repression of species with a greater propensity for spoilage and pathogenicity (Lindgren and 
Dobrogosz 1991; Chaillou et al. 2005; Jones et al. 2008). 
Ill. Carbon dioxide 
Carbon dioxide is produced by heterofermentative species of LAB as a product of sugar 
fermentation via the pentose phosphate pathway (see Metabolism section). In addition to pH 
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reduction, inhibition of bacterial growth by C02 is thought to occur due to one or a 
combination of cell membrane damage, enzyme damage or impairment of enzyme kinetics 
(Williams-Campbell and Jay 2002). C02 is inhibitory to the growth of many bacteria, 
especially Gram negative strains, including those of concern to the meat industry (Gill and 
Tan 1980; Holzapfel et al. 1995; Devlieghere et al. 2004). In contrast to the potential of C02 
as a preservative some heterofermentative LAB (e.g., Leu. gasicomitatum) are capable of 
producing spoilage by generating amounts of C02 sufficient to cause pack blowing in stored 
food (Bjorkroth et al. 2000). 
IV. Diacetyl 
Diacetyl is produced by some heterofermentative LAB and when added to stored foods 
contributes to inhibition of Gram negative organisms especially by interfering with the 
utilization of arginine (Lindgren and Dobrogosz 1991; Kang and Fung 1999; Williams-
Campbell and Jay 2002). 
1.5.2 Bacteriocins 
Bacteriocins are ribosomally synthesised antimicrobial peptides produced by various classes 
of microorganism including LAB (Osca.riz and Pisabarro 2001). Unlike antibiotics, 
bacteriocins tend to have a relatively narrow killing spectrum and this in turn tends to restrict 
activity to species closely related to the producing cell (Riley and Wertz 2002). 
Bacteriocin-related antimicrobial activity was first recorded by Pasteur in 1877 when he and 
eo-workers noticed that certain strains of E. coli interfered with the growth of B. anthracis 
(Oscariz and Pisabarro 2001). Bacteriocins represent a high molecular mass group of 
antimicrobials compared to the small molecules described above (see Fermentation end-
products). 
Bacteriocins are composed of peptides or peptide-complexes, range between 30 and 60 amino 
acid residues in length, and are released extracellularly. Many of them act on the bacterial 
cytoplasmic membrane by forming pores in the phospholipid bi-layer and disrupting the 
proton motive force (Cintas et al. 2001; Ammor et al. 2006). 
LAB-produced bacteriocins are generally ineffective against Gram negative bacteria due to 
the possession by such organisms of an outer membrane (Ganzle et al. 1999b). Nevertheless, 
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the isolation of bacteriocinogenic LAB inhibitory toward some Gram negative bacteria has 
been reported. For example, activity against Campylobacter jejuni has been shown by LAB 
isolated from poultry production environments (Stern et al. 2005). Bacteriocin-like inhibitory 
activity against Campylobacter and Helicobacter pylori has also been reported in lactobacilli 
isolated from the human gut (Strus et al. 2001). 
Some bacteria can produce more than one type of bacteriocin and it has been postulated that 
most bacteria produce bacteriocins of some description (Riley and Wertz 2002). Moreover, 
the same type of bacteriocin molecule can be produced by different LAB species. For 
example, sakacin-A and curvacin-A are the same molecule produced by L. sakei and 
Lactobacillus curvatus respectively (Axelsson and Holck 1995) (per comm. Lars Axelsson, 
2007). However, the mode of production may differ. For example, sakacin-A is produced 
throughout the growth phase of L. sakei but curvacin-A is only produced in late log-phase by 
L. curvatus (Holck et al. 1992; Vogel et al. 1993). 
Most small bacteriocins are active over a wide (3-9) pH range and their high iso-electric 
points allow them to interact (under physiological pH conditions) with the anionic surface of 
bacterial cell membranes (Osca.riz and Pisabarro 2001). These features have enabled 
purification procedures to be developed based on anionic exchange columns (Oscariz and 
Pisabarro 2001). Small bacteriocins tend also to be heat-stable due to the incorporation of 
mono- and di-sulphide bonds, which limit the potential for un-folding under heat stress 
(Oscariz and Pisabarro 2001). Consequently, small bacteriocins tend to retain activity after 
autoclaving whereas large bacteriocins such as helveticin J are inactivated after 10-15 min 
exposure to temperatures ranging between 60 and 100 oc (Oscariz and Pisabarro 2001). 
I. Bacteriocin classes 
The term 'bacteriocin' was originally coined in 1953 to define protein-based antimicrobials 
produced by E. coli. The term is now generally used to describe peptide-based inhibitors 
produced by any genus (Cotter et al. 2005). The most thoroughly studied group of 
bacteriocins are those produced by LAB (especially food-related strains) due in part to the 
increasing profile of food-related disease and its control (Oscariz and Pisabarro 2001). 
Currently, three classes of bacteriocins are recognized based on structure. A fourth class has 
been proposed for glycoproteins or lipoproteins requiring non-proteinaceaous moieties for 
activity (Oscariz and Pisabarro 2001), however as yet confirmation of a member of this class 
has not been achieved (Cotter et al. 2005). 
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Class I bacteriocins 
This class comprises small post-translationally-modified broad-host range lantibiotics
5 (De 
Vuyst and Vandamme 1994a) and can be divided into two groups based on structure and 
charge (Oscariz and Pisabarro 2001): 
Class la- screw-shaped, amphipathic, small cationic molecules that produce voltage-
dependent pores in the target cell membrane and/or interfere with peptidoglycan 
synthesis by binding Lipid II. 
Class 1 b - anionic or neutral pep tides with a globular shape that interfere with 
peptidoglycan synthesis by preventing Lipid II incorporation. 
Nisin (Fig. 1.4) is the most intensively studied bacteriocin and falls into Group la. Nisin is a 
!antibiotic of 3.4 kDa with a pentacylic structure containing five different post-transcriptional 
modifications of serine and threonine residues (Aymerich et al. 1998). Nisin is encoded by a 
68 kbp transposon found in the plasrnids of some strains and in the chromosome of other 
strains (Aymerich et al. 1998). Some bacteriocins are described as being 'nisin-like', which 
includes being heat resistant, protease K sensitive and trypsin resistant (Uhlman et al. 1992). 
Class II bacteriocins 
Small (<10 kDa) heat-stable unmodified peptides (De Vuyst and Vandamme 1994a). Class II 
bacteriocins are subdivided into three groups (Aymerich et al. 1998; Oscariz and Pisabarro 
2001; Drider et al. 2006): 
Class Ila - anti-listeria!, single peptides containing the N-terminal sequence YGNGV 
(Tyrosine-Glycine-Asparagine-Glycine-Valine). Activity is by disruption of the 
cytoplasmic membrane causing ionic imbalance and cell death. Examples are sakacin-A, 
sakacin-P and pediocins. Class Ila bacteriocins include most bacteriocins with anti-
listeria! activity and are produced by a wide range of LAB including species of 
Lactobacillus and Leuconostoc (Vandenbergh 1993; Aymerich et al. 1998; Drider et al. 
2006). 
5 Lanthionine-containing bacteriocins: dehydrated threonine or serine residues covalently linked via sulphur 
bridging to cysteine. 
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H,N 
Figure 1.4 Structure of nisin 
- reproduced with kind permission6 from Springer Science+Business Media: Applied 
Microbiology and Biotechnology, 10 years of the nisin-controlled gene expression 
system (NICE), 68, 2005, P706, Mierau and Kleerebezem, Fig. 1. 
6 
License Number: 2210381496848 
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Class lib - pore-forming complexes requiring two peptide units for activity, either 
working synergistically or separately. Example: plantaracin A (Chen and Hoover 2003). 
Class lie- other Class 11 molecules (sec-dependent secreted bacteriocins) not fitting into 
Group I or 11. These molecules may contain either one or two, or no cysteine residues. 
Example: enterocin P (Cintas et al. 1997). 
Most bacteriocins studied belong to Class 11. These bacteriocins are synthesised as precursor 
peptides (pre-probacteriocins) containing anN-terminal double-glycine leader peptide which 
is cleaved to yield a biologically active bacteriocin after the pre-bacteriocin has been 
externalized (to the cell) by an ABC-transporter (Cintas et al. 2001). Class lie (sec-dependent) 
molecules contain an N-terminal leader peptide that directs externalization via the general 
secretory pathway (Cintas et al. 2001). 
Class Ill bacteriocins 
Larger (>30 kDa) heat-labile murein hydrolases such as helveticin J, produced by 
Lactobacillus helveticus and active against closely related species (Joerger and Klaenhammer 
1986); and zoocin A, produced by Streptococcus zooepidemicus and active against 
Streptococcus pyogenes (Simmonds et al. 1996). The majority of known Class Ill bacteriocins 
are produced by Lactobacillus species (Oscariz and Pisabarro 2001). 
11. Immunity, regulation and genetic basis 
LAB are protected from the harmful effects of their own bacteriocins by the expression of 
specific immunity proteins coded in the bacteriocin operon (Cintas et al. 2001). Regulation of 
bacteriocin production is usually effected by a three-component signal transduction system 
consisting of an induction factor (IF), histidine protein kinase (HPK) and a response regulator 
(RR). The genetic elements for plasmid production and regulation in LAB can be plasmid or 
chromosomally bound (ibid). For example, Class I (!antibiotic) genes coding for lactocin S 
are associated with a 50 kbp plasmid whereas nisin is encoded by genes found on either 
plasmids or on the chromosome (Aymerich et al. 1998). Fig. 1.5 illustrates the typical gene 
structure for the production of nisin. The nisin A structural gene (A) is expressed from the 
immediate upstream promoter (P*). B, T, C and P genes are then involved in modification and 
translocation of the nascent !antibiotic. I, F, E and G genes express immunity functions; and R 
and K genes are responsible for overall regulation of the gene cluster (Mierau and 
Kleerebezem 2005). 
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At least four genes are involved in the production of Class II bacteriocins, coding for the 
structural molecule, immunity, transporter, and an accessory protein of uncertain function 
(Eijsink et al. 1996; Drider et al. 2006). An example is the sakacin-A gene cluster (Fig. 1.6) 
located within an 8.7 kb sequence on the 60 kb plasmid of L. sakei Lb706 (Axelsson and 
Hoick 1995). This cluster contains two divergent sets of genes. The sakacin-A pre-peptide and 
associated immunity functions are encoded by sapA and saiA genes respectively. Further 
genes (denoted as sapK, sapR, sapT and sap E) are responsible for transport functions such as 
final packaging and externalization (Axelsson and Hoick 1995). 
In the case of Sakacin-A, its history of elucidation is interesting: Curing experiments using L. 
sakei Lb706 first led researchers to identify that both activity and immunity functions are 
located on the 60 kb plasmid (Schillinger and Lticke 1989). While these findings were later 
upheld [(Axelsson and Hoick 1995) and others], the basis for arriving at the original findings 
was flawed. Initially surprising, the non-bacteriocinogenic 'cured' strain L. sakei Lb706b does 
contain the structural gene sapA (Axelsson et al. 1993) and (unpublished results from my own 
work). The reason for L. sakei Lb706b inactivity is now understood to be related to the use of 
acriflavin in the curing experiments, which caused a mutation in the HPK region (sapK) 
resulting in the loss of transport functions so that the active bacteriocin could not be 
externalized. During the curing process, a 28 kb non-functional plasmid was eliminated, but 
not the 60 kb plasmid as first thought (Axelsson et al. 1993) (per comm. Urlich Schillinger, 
May 2007). 
1.5.3 Other small molecules 
I. Hypothiocyanate 
Hypothiocyanate (OSCN-) is an oxidant that reacts with biological membranes and molecules 
(e.g., glutathione) with exposed thiol (-SH) groups to form disulphide bridges. In bacterial 
cell membranes, damage results leading to loss of pH gradient, small ion leakage, and loss of 
membrane transport systems. Gram negative bacteria are particularly sensitive to 
hypothiocyanate, although at low concentrations activity may be more bacteriostatic than 
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Structure of nisin gene 
-reproduced with kind perrnission7 from Springer Science+Business Media: Applied 
Microbiology and Biotechnology, 10 years of the nisin-controlled gene expression 
system (NICE), 68, 2005, P706, Mierau and Kleerebezem, Fig. 2. 
7 License Number: 2210381496848 
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Figure 1.6 Sakacin-A gene cluster 
- reproduced from Journal of Bacteriology (1995), 177, Fig. 4, p2133, The 
genes involved in production of and immunity to sakacin A, a bacteriocin 
from Lactobacillus sake Lb706. Reproduced with permission8 from American 
Society for Microbiology. 
8 License Number: 2214501273404 
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Hypothiocyanate is formed through a peroxidase-catalysed reaction between thiocyanate 
(SCN-) ions and hydrogen peroxide. Thiocyanate is formed during the detoxification of thio-
sulphates, the metabolism of sulphur-containing amino acids, and through the metabolism of 
various glucosides (Davidson 1997). Lactoperoxidase is probably the best known peroxide 
and forms the basis of the lactoperoxidase system (LPS) operating in a variety of mammalian 
systems such as in milk and tears (De Spiegeleer et al. 2005). Fresh milk contains between 1 
and 10 mg of thiocyanate per litre, which is not always sufficient to activate the LPS system 
so addition to between 10 and 12 mg r1 has been recommended to improve keeping qualities 
(Davidson 1997). Addition of 8-10 mg r 1 H20 2 to milk to balance the reaction has also been 
suggested because H20 2 is not normally present in milk due to the actions of naturally-
occurring catalases. H20 2 can be added indirectly by addition of LAB or enzymatic reactions. 
Lactoperoxidase treatment has been shown to reduce pseudomonad numbers on chill-stored 
beef cubes without adversely affecting LAB numbers (Elliot et al. 2004). 
Some bacteria generate hypothiocyanate from thiocyanate as part of their system for dealing 
with reactive (toxic) oxygen hi-products. For example, L. sakei contains thioredoxin genes 
involved in detoxifying cyanate to thiocyanate. Under anaerobic conditions and in the 
presence of haeme (e.g., in stored meat), H20 2 can be formed by L. sakei from iron reduction. 
L. sakei also generates H202 from superoxides (02-), which is then converted into H20 by 
peroxidases with the associated oxidation of thiocyanate to hypothiocyanate (Chaillou et al. 
2005). Moreover, L. sakei possesses putative cyanate transport and sulphur-transferase genes 
and it has been suggested that hypothiocyanate produced through the interaction of 
bacterially-produced H20 2 and thiocyanate with environmental peroxidises might be a useful 
competitive tool against other bacteria, especially Gram negative organisms such as E. coli 
within stored meat environments. (Chaillou et al. 2005). 
II. Reuterin 
Reuterin (3-hydroxypropionaldehyde) is produced by Lactobacillus reuteri through glycerol 
fermentation. It is inhibitory to a broad range of microorganisms, including bacteria and 
fungi, and has been shown to reduce populations of organisms such as E. coli and 
L. monocytogenes on stored meat. It is thought to act by inhibiting ribonucleotide reductase 
(Kostrzynska and Bachand 2006). 
29 
2. Lactic-acid bacteria in food preservation 
Man has benefited from the preservation, taste and texture contributions to foods by LAB for 
thousands of years. Benefits may have been brought about by deliberate seeding using LAB. 
In the dairy industry, Le. lactis is the most important LAB and has been used since antiquity 
in the production of fermented milk products such as cheese (Stiles and Holzapfel 1997; Chill 
et al. 2002; Ross et al. 2002). Le. lactis strains are homofermentative, rapidly producing from 
lactose large quantities of lactic acid which preserves otherwise quickly spoiling milk. 
Secondary processes, such as the production of diacetyl, contributes desirable flavours to 
dairy products (Mierau and Kleerebezem 2005). Strains of Lactobacillus are also used in the 
preparation and preservation of a range of foods, including cheeses (e.g., L. delbrueckii); 
yoghurt (e.g., L. bulgaricus); kefir (L. kefir), sauerkraut (L. brevis, L. plantarum, L. curvatus, 
L. sakei); vegetables (L. plantarum, L. casei); olives (L. plantarum) and meat (e.g., L. sakei, 
L. curvatus) (Ross et al. 2002; Chen and Hoover 2003). 
LAB (including lactobacilli and pediococci) are involved in the production of a range of 
fermented meat products such as salamis, mettwurst and chorizo (Leroy et al. 2006). In fresh 
meat, LAB growth produces a mild fermentation but does not normally produce significant 
organo-leptic changes due to the limited amounts of carbohydrate available and the buffering 
capacity of the product (Stiles 1996). Adding sugars to produce fermented products can 
provide substrate for flavour and textural changes (Aymerich et al. 1998) although in products 
such as meat marinades it can also cause spoilage due to the activity of such gas producing 
LAB as Leu. gasicomitatum (Bjorkroth et al. 2000). 
However, in order to fully appreciate the potential offered by LAB in the control of unwanted 
microbial populations on stored meat an understanding of the types of organisms involved 
with the meat substrate is required as well as an appreciation of potential economic 
consequences of allowing activity by such organisms. 
2.1. Stored meat as a microbial environment 
Bacterial contamination is an unavoidable consequence of meat processing. A variety of 
bacterial species from various sources including the hide, gut, water and the processing 
environment typically contaminate meat surfaces in low numbers (Grau 1987; Labadie 1999; 
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Gill and McGinnis 2000b; Boerema et al. 2003; Gill and Landers 2004). Meat also offers a 
rich substrate for the growth of bacteria. In the case of fresh meat, where a lethality step is not 
performed during processing, hurdle technologies are commonly employed to restrict the 
subsequent growth of contaminants. For example, vacuum-packaging in combination with 
chilling produces an environment where only those populations able to grow at low 
temperatures in the absence of oxygen can proliferate. Nevertheless, such populations can 
include spoilage bacteria and pathogens. 
Nowadays, some reduction in bacterial numbers on fresh meat has occurred due to closer 
attention to slaughter hygiene. However, such measures are not selective for spoilers and 
pathogens so has the effect of also reducing numbers of harmless (potentially useful?) 
background flora while not specifically addressing organisms of concern such as E. coli 
0157:H7 (V old et al. 2000). 
2.1.1 Meat spoilage bacteria 
Psychrotrophic meat spoilage organisms include a range of species whose contribution to 
spoilage varies depending on the types of meat and storage conditions involved. Under 
aerobic chilled storage, pseudomonads tend to dominate on most fresh meats (Ingram and 
Dainty 1971). Vacuum-packaging tends to alter the predominantly aerobic Gram negative 
nature of meat spoilage to one dominated by those Gram positive bacteria able to grow in the 
absence of oxygen and in elevated levels of C02 (Gardner 1981; Borch et al. 1996). However, 
for both aerobically and anaerobically stored meat Brochothrix thermosphacta can grow to 
significant numbers and cause spoilage, with the greater propensity to produce spoilage 
products under aerobic storage where glucose is converted to a wider range of organic end-
products than under anaerobic conditions (Gardner 1981). For example, 'cheesy' odours can 
be generated on aerobically stored meat as a consequence of diacetyl and 3-methylbutanol 
formation (Borch et al. 1996; Holzapfel 1998). B. thermosphacta spoilage is more common in 
higher pH products such as lamb than in lower (<pH 5.8) pH products where, in beef for 
example, growth tends to be inhibited by elevated levels of lactic acid produced by the post-
rigour meat (Grau 1980; Egan and Grau 1981). Other Gram positive bacterial spoilers of 
chilled vacuum products include psychrotrophic clostridia such as Cl. estertheticum (Broda et 
al. 2002) as well as some species of LAB (Borch et al. 1996; Bjorkroth et al. 2000). Several 
facultative anaerobic Gram negative species are also associated with spoilage of chill-stored 
vacuum-packaged meat, causing gas production or generating off-flavours. For example, such 
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psychrotrophic Enterobacteriaceae as Serratia liquifaciens and Enterobacter spp. are capable 
of flourishing in high pH meat environments and causing spoilage (Borch et al. 1996; 
Brightwell et al. 2007). 
2.1.2 Pathogens 
Several pathogenic species of psychrotrophic Enterobacteriaceae can be found on vacuum 
packaged meat and are capable of growth during chilled storage. Examples include Yersinia 
enterocolitica and Aeromonas hydrophila (Gill and Reichel 1989). Perhaps paradoxically, the 
safety risk from these organisms appears to be small compared to Gram negative organisms 
such as toxigenic E. coli, Salmonella and Campylobacter which, although unable to grow at 
chill temperatures, are capable of surviving the storage process and may therefore represent a 
safety concern when packs are allowed to return to growth supporting temperatures (Hudson 
and Mott 1993; Dykes and Moorhead 2001; Bosilevac et al. 2007; Wong et al. 2007; Jones et 
al. 2008). Campylobacter has been isolated from red meats including lamb (Stern 1981; 
Burgess et al. 2005). Although more commonly associated with poultry, meat-borne 
gastrointestinal disease attributed to Campylobacter spp. (C. jejuni in particular) has been 
reported with sporadic reports of human illness associated with consumption of sheepmeat 
(especially liver, where campylobacter can multiply) (Olson et al. 2008). The minimum 
infectious dose for humans is low and because almost all sheep carry C. jejuni in their 
intestines (Jones et al. 1999) the opportunity exists for meat contamination during slaughter 
and processing. However, although the disease association with red meats is low compared to 
poultry, the detection of C. jejuni on export meats represents a potentially serious threat to 
market access with some moves taken by importing countries to restrict access by 
contaminated product (see next section). Such restrictions have already been made for E. coli 
0157:H7 which is associated with often fatal outbreaks of human illness (Erickson and Doyle 
2007). With regard to Gram positive pathogens, L. monocytogenes features prominently 
because it is often isolated from a range of chilled packaged meats and seafood, is capable of 
growth on such products, and has been associated with human illness (Hudson and Mott 
1993; Sim et al. 2002; Bosilevac et al. 2007). L. monocytogenes is responsible for 
approximately one third of food-related deaths in the USA alone (Anonymous 2007a). 
32 
2.1.3 Commercial implications of microbial populations on meat 
The ability of pathogens and spoilage organisms to survive and flourish in stored meat not 
only impacts on the safety and durability of the product, but can also impact on the ability of 
meat producers to access markets. For example, several customers in the United Kingdom 
have set limits for B. thermosphacta in imported meat and although such meat may not 
necessarily have perceptible spoilage associated with it, exceeding the prescribed limits can 
result in market rejection (per comm. Neil Smith, Silver Fern Farms Ltd, Jun 2009). 
Similarly, the USA has zero tolerance limits for specific pathogens such as E. coli 0157:H7 
in imported meat and there has been discussion on widening zero tolerance criteria to include 
L. monocytogenes and Campylobacter (Anonymous 2000). In their paper showing control of 
L. monocytogenes by Lactobacillus bavaricus at 4 °C, Winkowski, Crandall et al. (1993) 
commented on the FDA's 1989 decision to impose zero tolerance for L. monocytogenes in 
ready to eat (RTE) meat products (Federal Register 54 22345-22346 1989): Although 
L. monocytogenes infections are sporadic, the decision to aim for zero tolerance was made 
because of the high mortality associated with outbreaks. The US Food Safety Inspection 
Service (FSIS) decided on a policy of zero tolerance for E. coli 0157:H7 on raw meat 
destined for manipulations that result in organisms moving into the product matrix (e.g., 
grinding) (Anonymous 2000). In effect, this meant that raw meat would be considered 
adulterated if E. coli 0157:H7 contamination was discovered in product that was destined for 
further processing that did not contain a lethal step for the organism. Such regulations 
underpin New Zealand's need to minimize the risk of E. coli 0157:H7 being detected in our 
export products even if the organism is not present at levels of concern to safety. It is 
noteworthy that during the setting of FSIS policy on E. coli 0157:H7, U.S. consumer and 
welfare agencies indicated they wanted the same rules applied to L. monocytogenes and 
C. jejuni contamination of raw meat. To date, such a rule has not been implemented to fresh 
meat. Nevertheless, such discussion highlights the growing international concern over 
L. monocytogenes and C. jejuni in raw meat and gives momentum to the view that New 
Zealand would do well to take early steps to minimize the opportunity for these two 
pathogens (in addition to E. coli 0157:H7) to survive in stored fresh meat. 
Fresh New Zealand meat imported into the USA can contain viable L. monocytogenes, 
Campylobacter, non-0157 STECs, and Salmonella (Bosilevac, 2007) so reducing the 
opportunity for such species to survive transport and be detected at the marketplace will 
contribute to trade security. 
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2.2. LAB as bio-preservatives of fresh meat 
'Bio-preservation' aims to extend storage life and enhance the safety of stored meat by either 
seeding the product with 'naturally' associated microorganisms or their products (Holzapfel 
1998). While a few LAB species have been associated with spoilage and disease most can be 
viewed as relatively innocuous and in some cases may even contribute to the safety and 
durability of stored meat (Holzapfel et al. 1995). Many LAB are even permitted as food 
additives and lists of GRAS (generally recognised as safe) strains are maintained by several 
countries. For example, a range of Lactobacillus and Carnobacterium species are permitted as 
food additives in the U.S. (Tarantino 2005a; Tarantino 2005b; Tarantino 2005c; Tarantino 
2008) and the New Zealand Food Safety Authority maintains a list of GRAS strains that 
contains several species of Lactobacillus (Anonymous 2009a). 
The practise of using LAB to control unwanted organisms on stored meat likely originated 
after trial and error in ancient (i.e., refrigerator-less) societies where it was discovered that 
back-slopping fermented product to fresh product kept meat edible for longer and/or gave it 
desirable eating properties such as flavour and texture. Latterly, the mechanisms and strains 
responsible for attaining such qualities have become better understood. For the preservation of 
fresh meat, where minimal flavour and texture changes are desired, homofermentative LAB 
strains may provide a greater range of seeding candidates than heterofermentative strains due 
to their production of relatively innocuous (from a sensory point of view) fermentation end-
products, with some having antimicrobial properties - lactic acid for example. Strains that 
possess additional antimicrobial mechanisms, such as bacteriocin production, would be of 
further value. For some applications, the efficacy of bacteriocins or bacteriocin-producing 
LAB on meat might even be improved by combining with additional mild interventions 
(Cintas et al. 2001). Furthermore, applying LAB cultures may have a generally discouraging 
effect on those unwanted organisms able to take advantage of ecological niches cleared of 
benign microflora during initial hygiene treatments such as acid washes [(Vold et al. 2000) 
and others]. 
A range of LAB species are known to include strains that inhibit unwanted organisms without 
affecting the sensory characteristics of the stored meat. Examples of these include L. sakei 
(and other Lactobacillus strains), C. piscicola, Leu. carnosum and Leu. gelidum (Leisner et al. 
1996; Hugas 1998; Budde et al. 2003; Smith et al. 2005; Vermeiren et al. 2006a). 
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2.2.1 LAB associated with stored fresh meat 
As discussed in greater depth earlier in this chapter, seven genera of LAB are commonly 
associated with stored fresh meat and meat products: Carnobacterium, Enterococcus, 
Lactobacillus, Lactococcus, Leuconostoc, Pediococcus and Weisella. Within these genera a 
number of naturally acquired species are prominent, including: L. sakei, L. curvatus, 
L. plantarum, W. viridescens, L. brevis, Leu. mesenteroides, Leu. gelidum, Leu. carnosum, 
C. piscicola and C. divergens (Reuter 1981; Holzapfel1998; Hugas 1998). 
2.2.2 L. sakei as an example of physiological adaptation to the meat environment 
L. sakei is typical of many LAB (at least those for which genome sequences are available) in 
that while they lack genes for biosynthesis of amino acids they possess a wide range of genes 
that encode amino acid transporters. This reflects the adaptation of many LAB to nutritious 
environments (Chaillou et al. 2005; Eijsink and Axelsson 2005). The predilection of L. sakei 
for meat is also illustrated by possession of genes for amino acid catabolism as well as a 
unique (amongst LAB) ability to metabolise purines for energy generation (Chaillou et al. 
2005; Eijsink and Axelsson 2005). Meat surfaces are exposed to oxygen and LAB normally 
do not tolerate oxygen well. However, L. sakei is unique in that it that it contains genes 
coding a haeme-dependant catalase, a superoxide dismutase and a NADH oxidase to handle 
oxygen radicals. L. sakei may also contain genes encoding putative cytochromes although 
these are not considered to be associated with respiration (Chaillou et al. 2009). L. sakei lacks 
genes involved in adhesion to gut mucus (probably why it appears not to be significantly 
associated with the lower gut) but possesses proteins enabling adhesion to meat surfaces (e.g., 
to collagen) as well as for biofilm formation (Eijsink and Axelsson 2005). L. sakei also 
produces cold-stress proteins and transporters for cryo- and osmo-protecting substances, thus 
helping it to survive in chilling and salting processes commonly used in meat preservation 
(Chaillou et al. 2005; Eijsink and Axelsson 2005). 
2.2.3 Bacteriocin-producing strains 
Some Le. lactis strains produce nisin which is probably the best known food-related 
bacteriocin. However, nisin has been reported as poorly effective against target strains in the 
raw meat environment (Leisner et al. 1996; Stergiou et al. 2006). The reduction of activity is 
thought to be due to the formation of nisin-glutathione complexes in the meat matrix and this 
may be an enzyme-mediated process because neutralisation is more pronounced on raw meat 
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than cooked (Stergiou et al. 2006). Furthermore, nisin also binds to fats and proteins and its 
efficacy against L. monocytogenes has been observed to reduce with increasing fat content 
(Schillinger et al. 1996). Notwithstanding, some success in controlling meat-borne bacteria 
has been reported when large amounts of nisin are added directly to some raw meat products 
(Chen and Hoover 2003). Meat-related lactococci are also capable of producing a range of 
other bacteriocins. Garviecin L1-5, for example, is produced by Le. garvieae and is active 
against L. monocytogenes and clostridia (Villani et al. 2001). Activity is also observed 
(although not confirmed as garviecin L1-5) against Listeria innocua and Staph. aureus 
(Ammor et al. 2006). The range of bacteriocins produced by LAB is wide. As an overview, 
genera associated with stored meat and significant bacteriocins produced by them are 
summarized in Table 1.2. 
Bacteriocin-producing LAB have been reported as better able to compete against background 
rnicroflora in meat environments (compared to bacteriocin non-producers). For example, 
L. curvatus with functional curvacin-A genes has been shown to compete more effectively in 
sausage than the same organisms with non-functional genes (Vogel et al. 1993). 
Bacteriocinogenic L. curvatus has been shown to inhibit B. thermosphacta on stored beef 
(Castellano et al.) and higher levels of L. monocytogenes inhibition have been reported in 
pork seeded with sakacin-A producing L. sakei compared to pork seeded with a non-
bacteriocinogenic variant (Schillinger et al. 1991), even though Vandenbergh (1993) 
commented that Sakacin-A from L. sakei Lb706 is more anti-listerial in broth than on meat 
possibly due to sakacin adsorbing onto muscle and fat. 
2.2.4 Ecological influences on bacteriocin activity 
Detection of bacteriocin activity against particular target organisms m laboratory media 
studies does not necessarily indicate that activity will occur in the meat environment (Hugas 
1998). Bacteriocin activity is modulated by such factors as the spectrum of bacteriocin 
activity, level of resistant mutant populations in target populations, activity of environmental 
neutralizing agents such as proteases and casein and changes in the sensitivity of the cell 
envelope brought about by changes in the environment. Even subtle changes in pH and 
temperature can influence bacteriocin production (Ganzle et al. 1999b; Delgado et al. 2007). 
Most laboratory studies exploring the nature of bacteriocin production have been done at 
relatively ambient temperatures, so the true value of a bacteriocin-producer in protecting 
chilled food will depend on whether the particular strain can also produce bacteriocins at the 
intended temperature for application (Schillinger 1994). 
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Table 1.2 Some LAB associated with fresh meat and their bacteriocins 
Class I producers 
Le. lactis 
L. sakei 
















other Lactobacillus, Pediococcus, 
Leuconostoc and Clostridium 
Pediococcus, Lactobacillus, 
Leuconostoc, L. monocytogenes, 
Cl. peifringens, Cl. botulinum and 
Staph. aureus 
L. sakei Lb. 706 Sakacin A Other Lactobacillus, L. monocytogenes, 
_L::-._c'-u-:-rv_a'-t'-u-'-s -----:L-:T=H=-=-1=-17::-4 ___ (::-'C'-u_r_va'-c'-in:---A..:..)__ E. faecalis 
L. sakei LTH673 Sakacin P 











- adapted from (Hugas 1998) 
Lactobacillus, L. monocytogenes, 
C. divergens, E. faecalis, Cl. peifringens 
Other LAB, L. monocytogenes, E. faecium 
Other carnobacteria, Lactobacillus, 
Pediococcus, Listeria and Enterococcus 
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Gram negative bacteria are typically resistant to bacteriocins produced by LAB due to the 
possession of an outer membrane. Damage to the outer membrane caused by organic acids, 
chelators such as EDT A, or sublethal damage has been shown to sensitize E. coli and 
Salmonella to nisin (Ganzle et al. 1999b). It therefore seems likely that although the range of 
bacteriocin-producing LAB effective in stored meat may be small compared to the range of 
bacteriocin-producing LAB strains generally, the range may broaden when (for example) the 
environment is acidified by organic acids generated by LAB during storage. 
2.2.5 Practicalities of applying bacteriocins and their producers to meat 
There are four basic approaches to bio-preservation: (1) adding live organisms that grow and 
generate inhibitory action, (2) adding crude bacteriocin preparation, (3) adding purified 
bacteriocin preparation, ( 4) adding mesophilic LAB that will grow after temperature abuse to 
compete against unwanted mesophiles (Hugas 1998). Adding bacterial extracts to product 
(e.g., purified bacteriocins) allows the addition of concentrated and possibly overwhelming 
levels of antimicrobial to product at the start of storage when target organisms can be 
expected to be at their lowest levels, i.e., a high bacteriocin-to-target ratio. However, a 
disadvantage is that, unlike adding bacteriocinogenic cultures that grow during storage, 
efficacy may be reduced by agents such as proteases that can degrade the bacteriocin over 
time. For example, it has been reported that the addition of live Leu. carnosum 4010 to sliced 
meat products is more effective at inhibiting L. monocytogenes growth than adding extracted 
leucocin 4010 directly (Jacobsen et al. 2003). 
Costs associated with adding bacteria or their extracts to products appear to be minimal and 
do not add significantly to the overall cost of the product to the consumer. In New Zealand, 
commercially-produced LAB seed culture can be provided for approximately $NZ23 per 
1.5x1011 cfu (per comm. Andrew Patrick, Fonterra Microbial Fermentation Unit, Dec 2007 
and Dec 2008). This volume would allow 120 tonnes of beef steaks to be seeded to a level of 
1x103 cfu cm-2, equating to a relatively insignificant additional cost of 19 cents per tonne. 
This cost may actually represent a net overall saving if the bio-preservation step resulted in a 
significant reduction in product rejections and down-gradings. Similarly, cell-free extracts can 
be provided for as little as 5 cents per kg (depending on the amount required for treatment). 
Overseas experience has also found bio-preservation costs to add little cost to the overall 
product. For example, adding Bovamine Meat Culture is estimated to cost the American meat 
producer no more than 1 cent per pound (per comm. Doug Ware, Nutrition Physiology Corp., 
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Dec 2007). Similarly, Chr. Hansen advise that SafePro products can be added to meat for 
between 3 and 5 Euro-cents per kilo (per comm. Tina Hornbaek, Chr. Hansen, Dec 2007). 
An alternative to adding bacteria or extracts directly to meat is 'bio-active packaging' where 
active molecules or bacteria are immobilized onto packaging. For example, nisin and lacticin 
have both been shown to bind to the surface of cellulose and polyethylene/polyamide 
packaging films and the treated materials were observed to inhibit Staph. aureus, Le. lactis 
and L. innocua (Scannell et al. 2000). Films impregnated with Class II molecules have also 
shown potential. For example, BLIS extracted from Pediococcus parvulus has been 
successfully incorporated into both corn-based and whey-based edible films, and shown to 
inhibit the growth of L. innocua (Quintero-Salazar et al. 2005). 
2.3. Regulatory considerations 
No matter how effective bio-preservation technologies are at controlling unwanted bacterial 
populations, application of cultures or extracts to commercial food products will require the 
endorsement of regulatory authorities (Schillinger et al. 1996). Nisin has already gained 
approval for use in a range of products in several countries including New Zealand 
(Vandenbergh 1993; Anonymous 2007b; Anonymous 2009b). Many LAB are GRAS and 
although their road to acceptance in bio-preservation products will likely be smoother than for 
un-characterised organisms, some regulatory hurdles can be expected (Holzapfel 2007). The 
New Zealand Food Safety Authority currently maintains lists of GRAS organisms, including 
several LAB (Anonymous 2009a). Provided products are adequately labelled, the NZFSA 
currently see few hurdles to adoption of bio-preservation technology in New Zealand (per 
comrn. NZFSA, 2008). 
2.4. Commercially available bio-preservation products 
Recent advances in our understanding of LAB strains that can inhibit specific organisms in 
stored meat without significantly affecting the sensory quality has led to the development of a 
limited range of bio-preservation products. For example, initial studies at Texas Tech. 
University have led to the development by the US-based company Nutrition Physiology 
Corporation (NPC) of a LAB-based product known as Bovamine Meat Culture. The original 
study found that a mixture of four strains of Lactobacillus acidophilus was effective in 
synergistically restricting the growth of E. coli 0157:H7 and Salmonella, both in culture 
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medium and in chilled (5 °C) ground beef without detracting from sensory qualities (Smith et 
al. 2005). The strains were then used by NPC to formulate the commercial product 
'Bovamine Meat Culture' (ElAmin 2006; Roos 2006). However, it is somewhat unclear 
which strains are used in the Bovamine formulation. In the original work (Smith et al. 2005), 
four strains of Lactobacillus acidophilus are described; however, FDA GRAS approval 
documents (Tarantino 2005a) cite two strains of L. acidophilus and one strain each of Le. 
lactis and P. acidilactici. It is possible that the FDA document may refer to some strains not 
used in the final Bovamine formulation. Possibly some mis-identification may have occurred 
because the strain given the description 'NP3' has been described as both L. acidophilus 
(Smith et al. 2005) and P. acidilactici (Tarantino 2005a). Strain NP3 has been confirmed as 
P. acidilactici (per comm. Mindy Brashears, Aug 2007) and it was also noted that one strain 
of L. acidophilus had been replaced with L. crispatus. Bovamine Meat Culture passed the 
FDA GRAS requirement in 2006 and the FDA has stipulated that poultry and meat treated 
with the product will have to be descriptively labelled as such (ElAmin 2006). No companies 
are yet using the product and approval by the USDA is expected once labelling issues have 
been settled (Roos 2006). Despite such optimism, there have been concerns that lack of 
industry investment may delay adoption of the product even if trials with major processors 
produce successful results (per comm. Doug Ware, NPC, Dec 2007). Given such issues, plus 
the observation that LAB with antimicrobial activity against Gram negative organisms appear 
to be rare, it will be interesting to see if Bovamine Meat Culture lives up to its promoted 
potential. Furthermore, there are no reports of Bovamine formulations having been 
successfully tested at chill storage temperatures below 0 °C, or on non-beef products, so it is 
unclear if such a product would be useful for preserving New Zealand export products even if 
the seed strains were permitted to be imported into the NZ environment. 
Smith, Mann et al. (2005) also noted that although not able grow at refrigeration temperatures 
some LAB can nevertheless continue generating anti-microbial compounds. This may be an 
exploitable property for an anti-microbial LAB that, for example, produces spoilage products 
during growth. This observation may explain the substitution of L. crispatus for 
L. acidophilus in the Bovamine formulation, the former species being a mesophilic LAB 
unable to grow below 15 oc (Kandler and Weiss 1986a). 
The Danish company Christian Hansen (Chr. Hansen) produces a range of meat 
biopreservative products under the name SafePro™. These products are based on LAB strains 
such as L. sakei, L. curvatus (per comm. Louis Stahnke, Chr. Hansen, Dec 2007) and 
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Leu. carnosum (Jacobsen et al. 2003); and are mostly promoted for the control of 
L. monocytogenes in processed meats stored at refrigerated temperatures. For example, the 
'B-FM SafePro' range contains a mix of L. sakei and Staphylococcus xylosus (similar to 
normal salami starter organisms) and is added to sausage batter. However, they also produce 
'B2 SafePro' which controls B. thermosphacta as well as L. monocytogenes (Chr-Hansen 
2006). Most of the Chr. Hansen products relate to the control of organisms in processed meats 
and many are claimed not to affect sensory qualities. However, as with the Bovamine 
formulation SafePro ™ strains do not have approval for importation into New Zealand and 
have not been tested on fresh meat (per comm. Louis Stahnke, Chr. Hansen, Dec 2007) so it is 
not known whether they would be effective in controlling bacterial populations on fresh meat 
stored at sub-zero temperatures. 
Danisco (another Danish company) markets MicroGARD™, a range of products prepared 
from pasteurized skim milk fermentates of Propionibacterium freudenreichii subsp. 
shermanii (De Vuyst and Vandamme 1994a; Faye et al. 2000). MicroGARD™ is primarily 
used for preserving dairy products. It is claimed to be a potent inhibitor of a range of food 
microorganisms including fungi, Gram negative bacteria and L. monocytogenes. The nature of 
its activity is not well understood although it is noted to contain propionic acid (al-Zoreky et 
al. 1991 ; Ross et al. 2002). 
2.5. The potential for bio-preserving New Zealand products 
New Zealand is a major meat producer with meat representing approximately 30% of New 
Zealand's primary production exports - second only to dairy (MIA statistics, 
www.mia.co.nz/docs/statistics). The great majority of New Zealand beef and sheep-meat 
production (>85% and >95% respectively) is exported. In 2004, 65% of all sheep-meat 
exports went to Europe and 15% to North America; and 57% of all beef exports went to North 
America. Chilled product represents a significant portion of total volumes. In addition to 
demonstrating the importance of meat exports to New Zealand, these figures demonstrate the 
importance for New Zealand of producing product capable of arriving in good condition (with 
an acceptable residual retail shelf life) after prolonged transport by sea. Typical voyage times 
are 6-7 weeks to Europe and 3-4 weeks to North America. This raises special microbiological 
issues for New Zealand product. Meat processing unavoidably results in microbial 
contamination so (as discussed earlier in this chapter) long periods under chilled transport can 
41 
allow the growth of spoilers and pathogens such as B. thermosphacta, S. liquifaciens and 
L. monocytogenes; as well as allowing the survival of such mesophilic pathogens as E. coli 
0157:H7 and C. jejuni. Bio-preservation of fresh export meat using LAB strains capable of 
inhibiting the survival and growth of such organisms represents an opportunity to strengthen 
the reputation of New Zealand export meat as safe, wholesome, uniform and reliable. 
However, existing commercially available bio-preservation products may be of limited value 
because they have been developed for products other than the long-term storage of fresh meat 
at sub-zero chill temperatures. Furthermore, available products use exotic bacterial species 
which may not be approved for use in New Zealand processing plants. Ideally, the 
development of functional bio-preservation tools for use in New Zealand products should 
focus around using indigenous LAB strains capable of growing and effecting antimicrobial 
activities against specific target strains on locally produced export product. The following 
chapters describe an approach to selecting and testing strains for such a purpose. 
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CHAPTER TWO 
A search, using standard laboratory screening methods, for domestic LAB strains with 
antimicrobial activity against organisms of concern to the meat industry 
A collection of NZ meat LAB isolates was screened, using standard laboratory methods, for 
inhibitory activity against a range of target organisms. Several inhibitory strains were 




To develop a bio-preservation strategy for fresh meat suitable inhibitory LAB strains must 
first be identified. Such strains should be capable of flourishing in the intended target 
environment (e.g., chill-stored New Zealand lamb and beef) and whilst in that environment 
should exert inhibitory activity against target microbial populations. A potentially rich source 
of inhibitory LAB is chill-stored meat itself. Meat processing results in contamination by a 
range of bacteria and the process of storage selects for the survival and growth of meat-
adapted LAB strains capable of competing under packaging and storage conditions (Jones 
2004). Some of these LAB strains may possess inhibitory mechanisms against unwanted 
organisms such as L. monocytogenes, B. thermosphacta and Cl. estertheticum. Screening 
locally-sourced chilled meat for inhibitory LAB offers an additional benefit in that it enhances 
the 'green' image of bio-preservation. Products seeded with bacteria already common to 
natural food systems may reduce the scale of potential regulatory and consumer acceptance 
issues. 
The rumen is also a potentially useful source of inhibitory LAB, especially for strains active 
against competing rumen organisms such as E. coli (Gough et al. 2006). However, if such 
strains can be isolated they would still need to be able to proliferate and exert their 
antimicrobial activities under the colder conditions of stored meat. 
9 See Appendix 3, 6.1 
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In the research described in this chapter a collection of meat, rumen and environmentally 
sourced LAB were screened for potentially useful inhibitory activities using laboratory media-
based rapid screening methods. This work was an initial step toward evaluating selected LAB 
strains in the stored meat environment. 
2. Materials and Methods 
2.1. Collection and storage of LAB and target strains 
2.1.1 Materials 
- refer to Appendix 1 for frequently used reagents and media. 
• LAMV AB broth 
Lactobacillus Anaerobic MRS with Vancomycin and Bromocresol green broth. Refer 
to Hartemink, Domenech et al. ( 1997) for formula. 
2.1.2 Methods 
I. Isolation and identification of presumptive LAB 
A total of 181 presumptive10 lactic acid bacteria (LAB) isolates were collected from meat, 
rumen, fodder and processing plant sources. The isolates either formed part of existing 
collections at Ruakura or Grasslands campuses, or were collected specifically for use in the 
current project. In addition, 18 non-meat sourced LAB were examined (strains 120-137)11 , 
being strains from the University of Otago bacterial collection that had previously been shown 
(per comm. John Tagg, March 2007) to exhibit marked inhibitory activity in laboratory 
media-based assays against a range of target strains including some of importance to the meat 
industry. 
10 Refer Appendix 1 for definition. 
11 Refer Appendix 3, 2.2 for details. 
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Of the 181 presumptive LAB strains, 75 isolates had been collected from chilled meat 
products including fresh lamb and beef, processed beef and pork, and ham. Typically, swab or 
excision samples had been originally taken from meat surfaces and homogenized with 10 ml 
Maximum Recovery Diluent. Then, 100 [11 aliquots of each suspension were spread onto 
plates of MRS agar. The plates were incubated anaerobically for 96 h at 24 oc. Colonies of 
catalase negative, Gram positive rods or cocci were presumed to be LAB. Such colonies were 
subcultured onto fresh MRS agar and isolates stored at -80 oc in 40% glycerol. Strains 
subsequently shown to express antimicrobial activity were identified to species level using a 
partial 16S rDNA homology protocol based on that described by Broda, Lawson et al. (1999) 
and described in Appendix 2, with sequencing performed by a local commercial sequencing 
laboratory. Same species 16S rDNA sequences were differentiated using a ClustalW multiple 
sequence alignment program (Chenna et al. 2003). The ability of inhibitory strains to grow at 
chill temperatures was confirmed by inoculating each into MRS broth and examining the 
cultures for growth during incubation at -1.5 oc for 12 weeks. University of Otago strains 
were also examined for growth in THB and LB after 12 weeks incubation at -1.5 oc. 
The 106 rumen, environmental and fodder LAB comprised isolates from cattle rumen 
contents, 52; cattle faeces, 30; maize silage, 10; and grass silage, 14. Samples were diluted 
1110 (10 g into 90 ml) with MRS broth and homogenized for 1 min using a Waring Blender. 
A decimal dilution series of each homogenate in MRS broth, to 10-
6 was prepared. A 100 [11 
portion of each dilution was spread on plates of MRS agar, which were incubated 
anaerobically for 72 h at 30 °C. To enhance recovery of Lactobacillus species, 0.5 ml from 
each initial homogenate was transferred to 4.5 ml of LAMV AB broth. After 72 h incubation 
at 30 °C, broths showing yellow colouration were sub-cultured onto MRS agar containing 50 
mg r1 bromocresol green. After incubation at 30 oc for 48 h the cultures were re-examined for 
yellow coloration in the agar surrounding green or white colonies. Presumptive LAB colonies, 
including presumptive Lactobacillus species, were subcultured onto fresh MRS agar and 
isolates stored at -80 oc in 40% glycerol. 
The 18 University of Otago strains were grown in MRS broth and stored at -80 oc in 40% 
glycerol. 
11. Choice of target strains 
A total of 21 target strains were used to detect antimicrobial activity produced by the meat-
isolated LAB (Table 2.1). Target strains were chosen to represent a range of spoilage and 
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pathogenic organisms of concern to the meat industry. LAB isolated from non-meat sources 
were screened against E. coli 0157:H7 only. All target strains were stored at -80 oc in 40% 
glycerol. With the exception of Cl. estertheticum and C. jejuni, target strains were cultured 
anaerobically on plates of Luria Agar (LA). The plates were incubated for 48 h at 24 °C. 
Cl. estertheticum was cultured anaerobically for 2 to 3 weeks at 10 oc on plates of Blood 
Agar. C. jejuni was grown on plates of Mueller-Hinton Agar incubated micro-aerophilically 
for 48 h at 37 oc. A strain of hypothiocyanate-sensitive E. coli K12 (De Spiegeleer et al. 
2005) was used for detecting hypothiocyanate generation by L. sakei. 
2.2. Screening for antimicrobial activity 
2.2.1 Materials 
-refer to Appendix 1 for frequently used reagents and media. 
• Catalase solution (2 mg ml-1) 
Catalase 
Sodium Phosphate Buffer 
10mg 
5ml 
Filter sterilize and store at +4 oc 
• HzOz solution (1 OmM) 
HzOz (30% w/w) 
Distilled Water 
Mix and store at +4 °C. 
50 !ll 
44ml 
• 1 OOmM KSCN solution ( ~60mM SCN-) 
KSCN 97 mg 
Sodium Phosphate Buffer to 10 ml 
Mix and store at +4 °C. 
• LPO solution (140 ug/ml = 1.8mM) 
Lactoperoxidase 
Sodium Phosphate Buffer 
1.4 mg 
to 10 ml 
Filter sterilize and store at +4 oc. 





Mix, adjust pH to 6.8 ±0.2 and autoclave. For use, melt and maintain at 50 °C. 
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Table 2.1 Target strains used to detect antimicrobial activities of lactic acid bacteria 
isolated from chilled meat and associated sources 
Strain" 
pathogens 
1 E. coli 
8 E. coli0111:H12 
7 E. coli 0113:H21 
3 E. coli 0157:H7 
9 E. coli 0157 :H7 
10 E. coli 0157 :H7 
6 E. coli 026 
11 L. monocytogenes 
17 L. monocytogenes 
18 L. monocytogenes 
23 S. Hadar 
16 S. Menston 
24 S. Typhimurium 
25 Y. enterocolitica 
26 Y. enterocolitica 
27 C. jejuni 
28 C. jejuni 
spoilers 
20 B. thermosphacta 
21 Cl. estertheticum 
14 S. liquefaciens 
15 E. aerogenes 
Description 
clinical isolate, ATCC25922 
clinical isolate, EPEC, NCTC8008 
verotoxin producer (Vt+) NZRM3616 
NCTC12900, Vt-
calf isolate, shigatoxin producer (stx2), EQRA423 
calf isolate, shigatoxin producer (stx1, stx2), EQRA427 
Vt+, NZRM3537 
meat isolate, L70 
clinical isolate, ATCC35152 




clinical isolate, NZRM1001 
meat isolate, AJH-Y1 
clinical isolate, NZRM4198 
clinical isolate, NZRM4122 
meat isolate, ATCC11509 
meat isolate, DSM8809/NCIMB 12511 
ATCC27592 
NCTC10006 
"Strain (1-4, 7, 9, 11-14, 16-21): catalogued strains available commercially, (5, 6, 8, 15): New Zealand strains 
isolated during stock and food surveys by this laboratory, (10): clinical strain (serotype 1/2) associated with NZ 
gastroenteritis outbreak- refer to Sim, Hood et al. (2002). 
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• 0.1M Sodium Phosphate buffer (pH 6.0) 
NaH2P04.H20 12.14 g 
Na2HP04.7H20 3.22 g (or 1.71 g anhydrous) 
Distilled Water to 1 litre 
Mix and adjust pH to 6.0 
• TNB solution (0.6mM) 




Dissolve the DTNB in the buffer and add 2 f.tl mercapto-ethanol. The solution 
will turn yellow as the clear 1 mM DTNB solution is reduced to yellow TNB. 
Store at +4 oc in the dark with a minimum of air interface. The solution's 
yellow colour fades after a few days indicating oxidation. 
2.2.2 Methods 
I. The agar-stab overlay assay 
All presumptive LAB, including the University of Otago strains, were screened for inhibition 
of target strains using the agar-stab overlay assay (refer to Appendix 2 for details). Briefly, 
LAB were cultured on plates of LA incubated anaerobically for 18-24 h at 24 oc. Colonies 
were picked off using sterile tooth picks and were inoculated onto fresh LA plates by stabbing 
vertically downwards through the agar. The plates were incubated for 18 h at 24 oc to allow 
LAB growth along the length of the stab-line. After incubation, cells on the surface were 
killed by exposing inverted plates for 20 min to filter paper disks saturated with chloroform. 
After allowing residual chloroform to dissipate, each plate was overlaid with 7 ml of Soft 
Agar containing 0.1 ml of a late-log culture of a respective target strain. Mueller Hinton broth 
(MHB) containing 0.7% agar was used to prepare overlays for C. jejuni and Cl. estertheticum. 
Cl. estertheticum overlays were poured in an anaerobic chamber. Overlays were allowed to 
set and then plates were incubated until confluent growth was observed. Plates were then 
examined for zones of inhibition around the inoculation sites. Two additional meat-derived 
LAB were included as controls: L. sakei Lb706, a sakacin-A bacteriocin producer inhibitory 
12 5,5 '-dithiobis-(2-nitrobenzoic acid) 
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to L. monocytogenes (Schillinger and Lticke 1989); and L. sakei 23K, a plasmid-cured strain 
unable to produce functional bacteriocins (Chaillou et al. 2005). The presence or absence of 
the sakacin-A structural gene sapA was confirmed in control strains by PCR using the primers 
and conditions described by Remiger, Ehrmann et al. (1996). 
11. Inhibitory hypothiocyanate production by L. sakei 
The effect of 50 11M hypothiocyanate on E. coli DH5a cells was first determined. Reaction 
mixtures were prepared, each comprising a final volume of 1 m1 of 0.1M Sodium Phosphate 
buffer, pH 6.0, containing 1x104 cfu E. coli DH5a cells, 5.0 mM KSCN (-SCN; Sigma), 
20~-LM lactoperoxidase (LPO; Sigma), and 0.2mM hydrogen peroxide (H20 2, Sigma) added 
finally in four equal volumes. Mixtures were incubated at 24 oc for 5 min. Residual H20 2 was 
neutralized by addition of 20 111 of catalase solution. The level of hypothiocyanate generated 
was determined from a duplicate set of reaction mixtures, using the TNB (5-thio-2-
nitrobenzoic acid) method described by Thomas and Fishman (1986). Briefly, a stock of TNB 
solution was first prepared by oxidizing colourless DTNB (5,5'-dithiobis-(2-nitrobenzoic 
acid)), also known as Ellman's Reagent, using ~-mercapto-ethanol. TNB solution was added 
to the post-incubation reaction mixtures. Any oxidants (assumed to be hypothiocyanate) 
generated in the reaction mixtures will reduce the TNB back to colourless DTNB. By adding 
TNB until oxidants are consumed (i.e., the mixture remains yellow) the amount of oxidant 
generated can be calculated by comparing the amount of TNB consumed in reaction mixtures 
with and without lactoperoxidase addition. After measuring oxidant levels, the remaining 
reaction mixture was then incubated for a further 2 h. Viable E. coli numbers were calculated 
by counting colonies after plating diluted reaction mixture onto plates of LA and incubating 
for 24 h at 30 °C. The effect of hypothiocyanate on the growth of E. coli was also determined 
by inoculating 0.5 ml of each reaction mixture into a micro-cuvette containing 1.5 ml LB, 
incubating the cuvette at 24 oc for 22 h, and recording changes in the optical absorbance at 
412 nm. 
The ability of LAB to generate levels of hypothiocyanate inhibitory to E. coli, through the 
generation of suitable peroxidises, was evaluated by exposing L. sakei to hypothiocyanate 
precursor molecules. One millilitre (1 ml) volumes of 0.1M Sodium Phosphate buffer were 
prepared containing 1x107 cfu L. sakei strains 27, 63, Lb706 or 23K. Hypothiocyanate 
precursors were added to each suspension as described above except that lactoperoxidase was 
omitted. After incubation, hypothiocyanate levels were calculated using the TNB method 
(Thomas and Fishman 1986) described in Appendix 2. 
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2.3. Profiling antagonistic molecules 
2.3.1 Materials 
- refer to Appendix 1 for frequently used reagents and media. 
2.3.2 Methods 
I. Preparation and treatment of LAB extracts 
Culture suspensions and cell-free extracts were prepared according to Ammor, Tauveron et al. 
(2006). A comprehensive description can be found in Appendix 2. Briefly, representative 
LAB for each inhibitory species identified by the agar-stab overlay assay were inoculated into 
20 ml of LB and incubated anaerobically for 18 hat 24 oc. A 1 ml portion from each culture 
was then removed and stored at 4 oc (portion 1). The remaining 19 ml of culture was 
centrifuged at 4,000 x g for 20 min at 4 °C, and the supernatant filtered through a 0.22 ~-tm 
filter to remove residual cells. A 1 ml portion of the filtrate was then retained as untreated 
filtrate (portion 2). To determine heat sensitivity, two 1 ml portions of the filtrate (portions 3 
and 4) were incubated at 80 oc for 10 min (portion 3) or 2 h (portion 4). Protease sensitivity 
was determined by incubating two further 1 ml portions of the filtrate with a final 
concentration of 1,500 U mr1 Trypsin (portion 5) or 30 U ml-1 Proteinase K (portion 6) for 3 h 
at 37 oc. 
11. The well diffusion assay 
Samples were tested for antimicrobial activity using the well-diffusion assay of Tagg and 
McGiven (1971). A comprehensive description can be found in Appendix 2. Briefly, plates of 
LA, or MHA for C. jejuni and Cl. estertheticum, were prepared and overlaid with 10 m1 
molten (50 °C) 0.7% agar containing 0.1 ml of a late-log culture of a representative target 
strain grown in LB, or MHB for C. jejuni and Cl. estertheticum. Overlays were allowed to set, 
then 5 mm-diameter wells were punched into the agar using a sterile borer. The bottom of 
each well was sealed with a small amount of molten agar. A 30 !-!1 portion of a sample 
prepared from filtrate was added to each well and the plates were then incubated 
anaerobically, or micro-aerophilically for Campylobacter, until target growth was observed in 
the overlays. The plates were then examined for the inhibition of growth around the wells. 
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3. Results 
3.1. Identification of inhibitory strains 
3.1.1 Strains detected using the agar-stab overlay assay 
- refer to Appendix 3, 2.2 for supporting data. 
Of the 75 meat-derived LAB tested, 51 isolates showed at least a faint level of antimicrobial 
activity against one or more indicator strains using the agar-stab overlay assay (Appendix 3, 
2.2 A). These included several strains that produced inhibitory activity when tested over the 
range of growth media (Appendix 3, 2.2 B). Eight strains displayed stronger inhibitory 
activities than others, including the bacteriocinogenic control strain L. sakei Lb706. These 
strains, which were all found to grow in MRS broth incubated for 12 weeks at -1.5 oc, are 
listed in Appendix 3, 2.2 B and are tabulated in Table 2.2. The sakacin-A producing control 
strain (L. sakei Lb706) inhibited all three L. monocytogenes target strains while the negative 
control strain, L. sakei 23K, was not inhibitory. Inhibition of E. coli 0157:H7 was not 
detected by any LAB strain. 
Eight LAB strains showed strong activity against one or more target 
L. sakei 27 displayed an inhibitory range similar to that of L. sakei Lb706. In contrast, L. sakei 
44 did not inhibit L. monocytogenes strains but did have an inhibitory effect on 
Cl. estertheticum and the two strains of C. jejuni. These organisms were also inhibited by 
Le. garvieae 69 and L. sakei 63 with the latter strain also exhibiting anti-listeria! activity. 
Leu. carnosum 15 inhibited both L. monoeytogenes and Cl. estertheticum, but not C. jejuni. 
C. maltaromaticum 11 displayed a similar inhibitory spectrum to Le. lactis 7 5 in that 
L. monocytogenes, B. thermosphacta and Cl. estertheticum were all inhibited, but not 
C.jejuni. 
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Table 2.2 Antimicrobial activitya of lactic acid bacteria isolated from chilled meat 
detected using Luria agar-stab overlay assays 
Target strainsb 
LAB strains llLm 17Lm 18Lm 27Cj 28Cj 20Bt 21Ce 
Leu. earnosum 15 ++ ++ + ± 
C. maltaromatieum 11 ++ ++ ++ + ++ 
L. sakei 27 ++ ++ ++ 
L. sakei 44 + + ± 
L. sakei 63 ++ ++ ++ + + ± 
Le. garvieae 69 ++ + ± 
Le. laetis 7 5 ++ ++ ++ ++ ++ 
L. sakei Lb706 ++ ++ ++ 
L. sakei 23K 
aDetected as zones of inhibition with diameters of: 
-,no inhibition;±, <1mm; +, 1-lOmm; ++, >lOmm 
bRefer to numerical designations in Table 2.1 for full description of target strains. 
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Analysis of partial 16S rDNA sequences showed the three locally-sourced inhibitory strains 
of L. sakei (27, 44 and 63) to be similar (>98%) to each other (Fig. 2.1). They were less 
similar (>97% similarity) to the imported positive anti-listeria! control L. sakei Lb706. 
None of the rumen and environmentally (processing plant, fodder) sourced LAB showed 
inhibitory activity towards any target organism (Appendix 3, 2.2 A). Thirteen (13) of the 18 
University of Otago strains showed inhibitory activity towards several target organisms, 
including strong activity against B. thermosphacta (Appendix 3, 2.2 B). However, growth was 
not observed for any of the University of Otago strains after 12 weeks in either THB or LB 
incubated at -1.5 oc. 
3.1.2 Hypothiocyanate inhibition of E. coli and generation by LAB 
Approximately 50flM (range 47-50) hypothiocyanate was detected in reaction mixes 
containing E. coli cells, SCN-, H20 2 and LPO, compared with no hypothiocyanate detected in 
mixtures lacking LPO. After 2 h incubation, little change in viable E. coli cell numbers was 
observed. After 22 h incubation in LB the cell suspensions exposed to hypothiocyanate took 
longer to attain exponential growth than untreated cells (Fig. 2.2). When LPO was substituted 
for 1x107 cfu L. sakei 27, 63, Lb706 or 23K, hypothiocyanate generation was not detected. 
3.2. Nature of antagonistic activity 
All of the six strains showing anti-listeria! activity by the agar-stab overlay assay, except for 
L. sakei 63, were observed to produce inhibition of L. monocytogenes 11 when Luria broth 
cultures were examined using the well diffusion assay (Table 2.3). L. sakei 63 extracts did 
however show inhibition toward L. monocytogenes 11 when grown in half-strength BHI 
broth13 (Appendix 3, 2.2 C). All six strains therefore produced inhibition in at least one type 
of liquid culture medium although the amount tended to vary between the different types of 
media (Appendix 3, 2.2 C). For example, L. sakei Lb706 culture extract did not inhibit 
L. monocytogenes 11 when grown in MH broth, but wide zones of inhibition were observed 
for cultures grown in MRS broth. Liquid media tested alone did not produce inhibition. Of the 
13 Although commercially supplied BHI powder is prepared from an infusion, the term 'broth' is used to reflect 
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Clustal alignment 16S rDNA sequences fromL. sakei strains 27, 44,63 
andLb706 
Four anti-microbial L. sakei strains could be differentiated by their 16S rDNA sequences. The 
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Growth of E. coli K12 DHSa in Luria broth after exposure to 
hypothiocyanate (A), hypothiocyanate precursors ( o ), or in O.lM sodium 
phosphate buffer ( • ). Vertical bars represent standard deviations associated 
with each data set (n=4). 
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six anti-listeria! strains tested, three strains (L. sakei Lb706, L. sakei 27 and Le. laetis 75) 
retained inhibitory activity in un-treated cell-free supernatants prepared from at least Luria 
and MRS media Appendix 3, 2.2 C). A fourth cell-free extract, from L. sakei 63, was 
subsequently found to be inhibitory when cultured in half-strength BHI (Appendix 3, 2.2 C). 
Generally, cell-free supernatants retained inhibitory activity after pH neutralisation and 
catalase treatment, indicating the inhibitory activity was not attributable to acid or hydrogen 
peroxide activity. Consistent with the nature of Class II molecules such as sakacin-A, L. sakei 
Lb706 activity was retained after heat treatment, but not after Protease K or trypsin treatment 
(Table 2.3). 
Cell-free extract from C. maltaromatieum 11 grown in half-strength BHI broth inhibited the 
growth of B. thermosphaeta 20 and retained some activity after pH neutralisation and catalase 
treatment as well as short term (10 min) heat treatment, but not long term (2 h) heat treatment 
or protease treatment (Table 2.3). This is suggestive of activity by a small heat-stable 
bacteriocin. Cell-free extract from C. maltaromatieum 11 was not observed to inhibit the 
growth of Cl. esterthetieum for any treatment. Cell-free extracts of Le. laetis 75 grown in all 
media types also inhibited B. thermosphacta 20, although the retention of activity after 
proteinase treatment of some but not all liquid media indicated the production of different 
types of inhibitors in different media. For the cultures in some liquid media, activity remained 
after all treatments, suggestive of activity by a small resistant molecule such as a nisin or 
some other Class I molecule that Le. laetis strains are known to produce. 
Leu. earnosum 15 cell-free extracts were not inhibitory towards any of the tested target 
strains, indicating that the original activity observed in agar-stab overlay assays was 




Table 2.3 Antimicrobial activitya of inhibitoryb lactic acid bacteria Luria broth cultures against representative target species. 
L. monoeytogenes 11 
LAB strain 2 3 4 
Leu. earnosum 15 + 
C. maltaromatieum 11 ++ 
L. sakei 27 
L. sakei44 
L. sakei 63 
Le. garvieae 69 
Le. laetis 75 
L. sakei Lb706 
++ ++ ++ ++ 
++ ± 




B. thermosphaeta 20 Cl. esterthetieum 21 
1 2 3 4 5 6 2 3 4 5 6 
J 
+ + + 
++ ++ ++ ++ ++ 








Key: "Antimicrobial activity detected as zones of inhibition with widths of:- no inhibition,± <lrnm, + l-2.5mm, ++ >2.5rnm, NT not tested 
blnhibitory LAB strains identified by agar-stab overlay assays (see Table 2.2). 
eRe fer to numerical designations in Table 2.1 for full description of target strains. 
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(1) Broth culture; (2-6) Cell-free supematant treated with 2, no treatment; 3, 80°C for 10 min; 4, 80°C for 2 h; 5, Protease K; 6, Trypsin. 




Inhibitory activity by bacteria generally involves a variety of mechanisms including 
competition and/or the generation of antagonistic molecules such as organic acids, 
bacteriocins and hypothiocyanate (Holzapfel et al. 1995; Chen and Hoover 2003; Jones 2004; 
Chaillou et al. 2005). Such mechanisms could ideally be identified in experiments identifying 
inhibition on stored meat seeded with target organisms. However, such an approach is both 
time consuming and expensive due to the requirement for large volumes of seeded meat 
stored for long periods at low temperatures. An alternative approach would be to first screen 
meat-sourced LAB for inhibitory strains using a rapid media-based screening method and 
then to follow up with meat seeding experiments using promising strains. This approach was 
taken for the current work and allowed the rapid and economical evaluation of a large 
collection of LAB. 
Numerous types of rapid screening methods have been reported by workers for the detection 
of inhibitory activity in bacteria (De Vuyst and Vandamme 1994a). Deferred antagonism 
methods such as the agar-stab overlay assay detect pre-formed molecules after they have 
diffused through the surrounding milieu. Deferred antagonism assays offer a useful approach 
for evaluating LAB for meat bio-preservation because under a typical meat storage scenario 
LAB are likely to grow and express antagonistic mechanisms at a distance from the target 
strains. In a deferred antagonism assay (such as the agar-stab assay) target bacteria are 
exposed to pre-formed molecules after diffusion, i.e., some time after they have been 
produced. 
With the agar-stab overlay assay, LAB isolates are stabbed into agar plates and allowed to 
grow under anaerobic conditions which, like the anaerobic environment created in a vacuum 
pack, restricts the development of inhibitory peroxides (Schillinger and Lucke 1989). During 
incubation, inhibitory molecules such as organic acids and bacteriocins are released from the 
growing micro-colonies and diffuse into the agar matrix. After incubation, the plate is 
overlaid with soft agar containing seed inocula of the target strain. The plates are re-incubated 
and the target strain grows, turning the overlay opaque in the process. Where inhibitory 
molecules have diffused into the overlay and prevented target strain growth, clear 'zones of 
inhibition' are produced, the diameters of which can give some insight into the activity of the 
producer cells and the diffusability of the inhibitory molecules. Schillinger and Lilcke (1989) 
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developed a deferred antagonism assay (colony-overlay assay) using MRS agar containing 
reduced (0.2%) levels of glucose to lessen interference by organic acids generated from 
fermented glucose when using normal (2% glucose) MRS medium. However, for our 
purposes we chose to use glucose-free Luria Agar. This choice was made for several reasons. 
Firstly, meat represents a substrate containing a paucity of sugar (Gill and Newton 1977) so a 
medium containing minimal or no glucose is more reflective of the meat environment. 
Secondly, production of some bacteriocins can be repressed by elevated levels of glucose 
(Todorov and Dicks 2004) so an absence of glucose may help to identify a wider range of 
LAB strains with the potential to produce bacteriocins in the meat environment. Thirdly, 
experiments performed early in this study to determine the ability of various media to support 
LAB growth found that glucose-containing media tended to encourage heavy growth of 
L. sakei strains at the petri dish-agar interface, making zones of inhibition harder to detect and 
measure (unpublished results). Finally, zones of inhibition observed in glucose-free media are 
more likely to be associated with bacteriocin production than acid formation. The detection of 
bacteriocin-producing strains is of particular interest in these studies because, unlike organic 
acids which have a more general inhibitory spectrum, bacteriocins tend to be target-organism 
specific so will be more likely to restrict the growth of specific organisms without inhibiting 
the growth of the generally protective background microflora. Initial studies indicated that 
Luria Agar is capable of generating zones of inhibition comparable to those generated by such 
low glucose-containing agars as 0.2% glucose MRS agar or Todd-Hewitt Agar, the latter 
considered to be particularly supportive of bacteriocin production due to its high content of 
tryptone (per comm. John Tagg, 2007). 
In addition to substituting basal agars, three modifications to the deferred antagonism method 
of Schillinger and Lticke (1989) were made. Firstly, we observed during initial studies that it 
was difficult to overlay plates with the target strain (contained within molten agar) without 
disturbing LAB colonies on the surface of the basal-agar surface. Fragments of colonies 
suspended in the overlay agar grew during re-incubation to form numerous satellite zones of 
inhibition and this made inhibition zone interpretation difficult. This was remedied by 
exposing plates to chloroform as described by Moustafa (2004) thereby killing LAB cells at 
the surface of the basal plates without impacting on the efficacy of produced inhibitory 
compounds. Secondly, while chloroform treatment killed surface cells, it did not neutralise 
inhibitory molecules accumulated within the colony material. Hence, dislodged colony 
fragments also tended to cause satellite zones of inhibition within the overlay compounding 
problems with plate interpretation. This was remedied by anchoring LAB cultures within the 
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basal agar using an agar-stab overlay method (Jones et al. 2008) followed by chloroform 
treatment. Finally, growth of the target strain in the overlay is reliant on absorption of 
nutrients from the underlying basal agar. Luria agar was found not to support two of the target 
strain bacteria used in this study (Cl. estertheticum and C. jejuni) and in these cases soft 
overlays of Mueller-Hinton agar (also non-glucose containing) were used with good results. 
The agar-stab overlay assay performed satisfactorily for the evaluation of LAB isolates and 51 
strains (approximately one quarter of LAB strains examined) gave at least some indication 
that inhibition of the target strain was occurring. Many such indications amounted to little 
more than an 'edge' (a very thin zone of clearing compared to the negative control treatment) 
adjacent to the stab-line in the agar plates. Such weak results, as well as results non-
reproducible on re-test, were viewed as likely to have identified strains with less bio-
preservation potential than those strains that gave larger and more reproducible zones of 
inhibition. From the 51 strains identified eight strains fell into the latter category (see Table 
2.2) and were considered to warrant further evaluation. 
While the incubation conditions used in the agar-stab assay favoured rapid identification of 
inhibitory LAB, they were not those used to store chilled meat. This does not detract from the 
power of the assay though, because the incubation conditions used are generally 
acknowledged as suitable for the rapid detection of psychrotrophic LAB species from meat 
(Cousin et al. 2001) and hence appropriate for a first screening for potentially useful LAB 
strains. Nevertheless, inhibitory strains identified using the agar-stab overlay assay need to be 
re-evaluated in the stored meat environment because the production and release of 
antimicrobial molecules by LAB is known to vary with factors such as substrate composition, 
cell density and population kinetics playing a role (Tagg and Wannamaker 1978; Hoick et al. 
1992; Stoyanova and Levina 2006; Delgado et al. 2007). These types of differences may at 
least partially explain the apparent failure to detect some diffusible antimicrobials in well 
diffusion tests despite their presence being indicated in the agar-stab overlay assays. This 
further supports the view (Schillinger and Li.icke 1989; Hugas 1998; Hequet et al. 2007) that 
LAB behaviour in laboratory media may not necessarily be reproducible in the food 
environment. In addition to substrate composition, temperature is an important factor in the 
ability of LAB to grow under different environments. The present study found that non-meat 
strains sourced from the University of Otago collection, while strongly inhibitory to a range 
of target strains when tested by the agar-stab overlay assay, did not grow at -1.5 oc when 
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tested using a variety of liquid media. Further evaluation of these strains therefore offered 
limited value to the aims of the project. 
The agar-stab overlay assay identified inhibitory LAB based on the sum of their gross 
inhibitory activities on target organisms within the agar overlay. Detailed knowledge of the 
molecules responsible is not necessarily important if we simply want to know which LAB 
may have potential to inhibit a target organism in the stored meat environment. However, 
basic information such as whether a bacteriocin might be responsible, and if so what type of 
molecule might be involved, would be useful in considering possible behaviour scenarios in 
meat seeding experiments. For example, nisin is useful in the food industry because it inhibits 
a wide range of organisms. However, nisin activity is reduced in meat - raw meat in 
particular, partly due to the formation of nisin-glutathione complexes (Leisner et al. 1996; 
Stergiou et al. 2006). Inhibitory LAB having activity due to nisin or nisin-like molecules 
might therefore be contra-indicated when selecting strains for further testing in the more 
expensive meat-seeding experiments. 
A useful approach for gathering preliminary information on the nature of antimicrobial 
substances is to subject bacterial extracts to a range of treatments, such as heat or proteolysis, 
and then to determine if the inhibitory activity has been retained using a well diffusion assay. 
Such treatments give clues as to whether the active molecules are proteinaceous as well as 
clues as to the possible internal makeup of such molecules. For example, trypsin cleaves 
peptides containing exposed lysine and arginine residues (Olsen et al. 2004). Inactivation of 
extract activity after trypsin treatment would therefore indicate the presence of such residues. 
Similarly, the size and tertiary structure of inhibitory molecules may be indicated by 
resistance to heat treatment. The inhibition zone size of the extract in agar can also give an 
indication of the amount (if any) of inhibitory activity produced against the target organism, 
measured by the width of seed growth inhibition (reduced opacity) observed in the media 
after incubation. 
Cell-free extracts from both L. sakei Lb706 and L. sakei 27 inhibited the growth of 
L. monocytogenes 11 after heat treatment but not after exposure to proteolytic enzymes. This 
is consistent with the behaviour of small heat-stable molecules such as the Class-II bacteriocin 
sakacin-A of L. sakei Lb706 which contains both lysine and arginine residues (Schillinger et 
al. 1991; Schillinger 1994 ). 
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B. thermosphacta 20 was inhibited by heat-stable protease-sensitive cell-free filtrates of 
Le. lactis 75. This activity may be due to nisin-like molecules which many strains of Le. lactis 
are known to produce (Schillinger et al. 1996). Le. lactis 75 appears to have potential as a bio-
preservation agent because it inhibited several target strains, including L. monocytogenes, B. 
thermosphacta, Cl. estertheticum and C. jejuni. As discussed earlier, nisin-like activity 
expressed by strains such as Le. lactis 75 needs to be viewed in the knowledge that nisin is 
known to be neutralized somewhat in the meat environment. However, it was also observed 
that this strain expressed non-nisin-like inhibitory activity when grown in some liquid media, 
so its ability to inhibit organisms in the stored meat environment remains an open question 
worthy of further evaluation. 
Two strains of L. sakei ( 44 and 63) demonstrated inhibitory activity against C. jejuni and 
hence may have potential as control agents in stored meat. However, Le. garvieae 69, while 
also inhibitory towards C. jejuni, may have a reduced potential (especially from a market 
acceptance perspective) due to its association as a pathogen of several food animals including 
cattle (Stiles and Holzapfel 1997; Zlotkin et al. 1998; Ammor et al. 2006). Hence, the value 
of further examination of Le. garvieae 69 in this study is diminished. C. maltaromaticum 11, 
on the other hand, was found to be inhibitory to several target species and is considered to 
warrant further examination in meat studies. However, having in this chapter identified its 
promising antimicrobial traits C. maltaromaticum 11 will not be further considered in this 
thesis due to restrictions being placed on additional research by the owners of the strain (Meat 
and Wool NZ). 
An area of particular interest to this study was the detection of inhibitory activity toward 
Gram negative bacteria, and in particular E. coli, due to the safety and market access risk such 
bacteria pose to the New Zealand export meat industry. LAB strains active against Gram 
negative species might reasonably be found in environments such as the rumen where they 
have eo-evolved with E. coli and other Gram negative competitors (Gough et al. 2006). This 
is why rumen strains, and to some extent environmental strains, of LAB were included in the 
current study. Although inhibitory activity against E. coli 0157:H7 was not observed in LAB 
strains isolated from these sources the search for LAB inhibitory to E. coli 0157 and other 
Gram negative pathogens remains a focus for the future. 
LAB antagonistic to Campylobacter have been isolated by other workers (Barefoot and 
Nettles 1993; Strus et al. 2001; Stern et al. 2006) although few of those LAB originated from 
red meat. Campylobacter strains pathogenic to humans have been isolated from red meat 
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(Stern 1981) and are known to survive, along with L. monocytogenes, on retail-ready meats 
imported into the USA from a variety of countries including New Zealand (Bosilevac et al. 
2007; Wong et al. 2007). It has been suggested that US regulations should stipulate 'zero-
tolerance' of C. jejuni and L. monocytogenes as well as of E. coli 0157:H7 (Winkowski et al. 
1993; Anonymous 2000). This highlights the increasing need for a means of reducing the 
survival of mesophilic pathogens on meat. It has been suggested that pathogens might be 
controlled in foods using hypothiocyanate (Daeschel 1989; De Spiegeleer et al. 2005). Gram 
negative bacteria tend to be especially sensitive to damage from hypothiocyanate ions 
(Thomas and Aune 1978; De Spiegeleer et al. 2005) and lactoperoxidase has been shown to 
catalyse the formation of hypothiocyanate at levels inhibitory to E. coli and Salmonella 
(Marshall and Reiter 1980; Purdy et al. 1983). Such reports are interesting because potentially 
analogous peroxidases have been detected in L. sakei 23K, an organism that carries genes for 
enzymes involved in the regulation and transport of hypothiocyanate precursors (Chaillou et 
al. 2005). This suggested that L. sakei strains might be capable of generating inhibitory 
amounts of hypothiocyanate. However, although hypothiocyanate levels as low as 5[-tM have 
been reported to inhibit E. coli (Marshall and Reiter 1980), the present study demonstrated 
that at a concentration typical of that found on stored meat (Jones 2004), four meat-derived L. 
sakei strains, including L. sakei 23K, did not generate detectable levels of hypothiocyanate 
when provided with thiocyanate and peroxide precursors, let alone the 50 J-LM which we found 
to retard but not inactivate E. coli K12. Either hypothiocyanate was not generated by L. sakei 
endogenous peroxidases or it was not released from these cells. 
The aim of the work reported in this chapter was to identify LAB that may potentially be 
useful for the control of specified target organisms on chill-stored vacuum-packaged meat. As 
a preliminary step to further testing strains in meat storage trials (described in Chapters 3 and 
4) an agar-based assay was used to screen a collection of strains for inhibitory activity. Eight 
strains were identified as warranting further evaluation although one of these strains, 
Le. garvieae 69, was rejected because of its pathogenic association. L. sakei strains were 




The ability of selected LAB isolates to flourish and express anti-microbial activity when 
introduced to the stored meat environment 
Inhibitory LAB identified using standard laboratory screening methods may not necessarily 
replicate activity in the stored meat environment so experiments were performed to further 
refine the list created in Chapter 2. The results confirmed this view and also indicated that 
there are strains not identified as inhibitory using standard screening methods that restrict 




LAB species such as L. sakei, Le. lactis and C. maltaromaticum have been used in food 
preservation due to their ability to augment the food environment in ways that discourage the 
growth of spoilage and pathogenic organisms without generating unacceptable organoleptic 
changes themselves (De Vuyst and Vandamme 1994b; Chill et al. 2002). For example, 
organic acids produced by L. sakei starter strains rapidly decrease the pH of salami to levels 
that restrict the growth of pathogens such as E. coli 0157:H7 and L. monocytogenes 
(Aymerich et al. 1998; Leroy et al. 2006). Some LAB also generate antagonistic molecules 
such as bacteriocins that act against specific organisms of concern. For example, sakacin-A is 
produced by some strains of L. sakei and possesses strong activity against L. monocytogenes 
(Schillinger and Liicke 1989). Some strains of Le. lactis are also known to produce anti-
microbial peptides from the degradation of casein that are active against organisms such as 
E. coli and L. monocytogenes (Meisel and Bockelmann 1999) and enhanced inhibition of 
target strains has been reported for Le. lactis 122 when grown in medium containing milk 
extracts (per comm. John Tagg, 2008). In view of the large numbers of LAB reported in the 
literature as inhibitory to some of these target species it is perhaps surprising that few strains 
have progressed to commercial products. This may, in part at least, be a consequence of many 
14 See Appendix 3, 6.1 
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inhibitory LAB detected using simple laboratory screenmg methods being incapable of 
reproducing identified repressive behaviours when introduced to complex food substrates 
stored under commercial conditions (Schillinger et al. 1996). If this is the case, it is important 
to first confirm that strains identified using simple laboratory assays retain inhibitory 
properties on stored meat before consideration is given to progressing to sensory evaluations 
and commercial product development. 
In this study, several strains of LAB were examined for inhibitory activity in stored lamb and 
beef. The strains had previously been shown in laboratory screening to be inhibitory to one or 
more organisms of concern to the meat industry (see Chapter 2). C. maltaromaticum 11 and 
Le. garvieae 69 were not examined for reasons outlined in the previous chapter. 
2. Materials and Methods 
2.1. Meat pack preparation 
For lamb experiments, non-destructive and destructive approaches to pack sampling were 
evaluated. Non-destructive sampling involved vacuum-packaging inoculated boned-lamb 
shoulders in bags fitted with silicon septa and analysing drip that had been aseptically 
withdrawn from packs during the storage period. For destructive sampling, inoculated packs 
were opened after 12 weeks storage and sampled using excision sampling. For beef 
experiments, destructive sampling of packaged striploin steaks was used. 
2.1.1 Materials 
- refer to Appendix 1 for frequently used reagents, media and vacuum barrier bags. 
• 20% skim milk suspension 
Skim milk powder 10 g 
Saline 90 ml 
Autoclave (10 lb/10 min) and store at +4 oc 
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2.1.2 Methods 
I. Seed strain choice and maintenance 
LAB inoculation strains 
Eight LAB strains were chosen for study based on inhibitory activity observed using agar-stab 
tests (Table 3.1 and Chapter 2). L. sakei Lb706 is an overseas meat-isolated strain that 
produces the anti-listeria! bacteriocin sakacin-A, with L. sakei Lb706b its non-
bacteriocinogenic variant (Schillinger and Lticke, 1989). L. sakei 27, 44, 63 and Le. lactis 75 
were isolated from chill-stored New Zealand meat products. Le. lactis 122 was sourced from 
the University of Otago LAB collection (strain 146) and had earlier been shown to be anti-
MRSA, with enhanced activity observed in the presence of milk extracts (per comm. John 
Tagg, 2008). Le. lactis 122 had originally been isolated in the USA from a bovine udder and 
was at that time mis-identified as Streptococcus uberis (Jayarao et al. 1991). In order that 
LAB populations arising from seeded strains could be differentiated from background LAB 
populations some experiments were performed using streptomycin-resistant LAB strains. 
Streptomycin-resistant subpopulations were selected15 by sequential sub-culture in Todd-
Hewitt Broth containing streptomycin sulphate at doubling concentrations ranging from 0 flg 
ml-1 to 500 !lg mr1, and incubated at 25 oc until turbid before sub-culturing to the next higher 
concentration. Isolated streptomycin-resistant sub-populations were stored at -80 oc in APT 
broth containing 40% glycerol. 
Target strains 
Seven target strains were selected for evaluation that had earlier been shown to be inhibited 
by LAB activity using agar-stab tests (Table 3.1). L. monocytogenes 11 had been isolated 
from meat and was compared with L. monocytogenes 18 - a human clinical isolate (see 
section 2.1, Appendix 3). C. jejuni 27 was originally isolated from sheep and was compared 
with C. jejuni 28, a human clinical isolate. E. coli 0157:H7 3, a non-toxigenic strain, was 
used to further evaluate the potential (not observed in agar-stab assays) for L. sakei to inhibit 
this organism based on the production of hypothiocyanate or other small inhibitory molecules. 
B. thermosphacta 20 and Cl. estertheticum 21 are both meat-isolated strains. 




L. sakei Lb706 
L. sakei Lb706b 
L. sakei 27 
L. sakei 44 
L. sakei 63 
L. sakei 23K 
Le. lactis 75 
Le. lactis 122 
LAB inoculation strains used, and their antimicrobial activities originally 
observeda using agar-stab tests in Luria Agar 
Inhibitory activity against target strain 
L. monocytogenes C.jejuni E. coli 0157 B. thermosphacta Cl. estertheticum 
11 18 27 28 3 20 21 
+ + 
+ + 
+ + + 
+ + + + + 
+ + + + 
+ + + NT + 
a inhibition ( +) observed; (-) not observed 
(n) target failed to grow in overlay, (NT) not tested. 
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Maintenance of cultures 
All strains were stored at -80 oc in broth containing 40% glycerol. For LAB, 
L. monocytogenes and B. thermosphacta Luria Broth was used; for Cl. estertheticum, Peptone 
Yeast Glucose Starch broth [PYGS; (Lund et al. 1990)]; C. jejuni, Mueller-Hinton Broth. 
Cultures of streptomycin-resistant LAB were recovered from glycerol stocks by streaking 
bacteria onto APT agar plates containing 500 )lg ml-1 streptomycin sulphate and incubating 
the plates anaerobically for 48 h at 25 oc. L. monocytogenes and B. thermosphacta cultures 
were similarly prepared by streaking bacteria onto Luria Agar. The streaked plates were 
incubated anaerobically for 48 h at 25 °C. Stocks of Cl. estertheticum spores were prepared 
by growing Cl. estertheticum in PYGS broth until large numbers of spores were visible 
microscopically. Vegetative cells and spores were washed in chilled saline and heated at 
60 oc for 10 min to kill vegetative cells. Spore suspensions were washed twice and stored at 
-20 °C. Spores were enumerated by serial dilution on blood agar followed by anaerobic 
incubation at 10 oc for 14 d. C. jejuni was grown on plates of Mueller-Hinton Agar incubated 
micro-aerophilically for 48 h at 37 oc. 
11. Meat inoculation and storage 
An initial trial was performed using target-strain overlay experiments to examine the ability of 
selected LAB strains to control L. monocytogenes and B. thermosphacta on stored lamb. This 
was followed by streptomycin-resistant seed LAB experiments to examine a wider range of 
interactions on both lamb and beef. An overview of each experimental approach is given in 
Fig. 3.1. For target-strain overlay experiments, inoculation levels of 1x10
7 cfu/pack LAB and 
1x105 cfu/pack Target strain were chosen loosely based on the approach of Vermeiren et al. 
(2005) who reported good results in comparing L. monocytogenes inhibition on ham 
inoculated with 1x105-106 cfu g- 1 LAB and 1xl04 cfu i 1 target. In my work, boned lamb 
shoulders (s.a. ~500cm2 ea) were inoculated, meaning that a 1x107 cfu LAB dose equated to 
~2x104 cfu cm-2 and a 1x105 cfu dose of Target to ~2x102 cfu cm-
2
. These levels are 
comparatively high because in 'real-life' meat processing, inhibitory LAB are likely to grow 
from almost undetectable populations. However, Vermeiren's approach seemed reasonably 
successful and exploring lower seeding levels was seen as unwise at the initial stage of the 
study, particularly in light of Buncic and Avery's (1997) observation that inhibition of 
L. monocytogenes by some bac+ LAB was undetectable when LAB were inoculated at very 
low levels. 
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Target-strain overlay experiments 
meat inocu ate to 
~104 cfu cm2 LAB 
~102 cm2 target 
Uinb._(4 reps ea) 
L. sake/ vs L. monocytvgenes 
Le. /aet/svs L. monocytogenes 
vs B. thermosphactv 
vacuum-packed and stored 
drip sampled every 
2 weeks through 
silicon seal 
cfu/ml 
PCAagar =an aerobes 
MRS agar= LAB 
'--------- LAoverlays=seed LAB 
MOX agar= L monoeytvgenes 
STAAagar =B. thermosphacta 
Streptomycin-resistant seed LAB experiments 
meat inocu ate to 
~1o311 cfu cm2 LA 
~1Qo/-l cm 2 target 
Uinb._(S reps ea) 
L. sake/ vs L. monocytogenes 
Le. la et is vs B. thertrosphacta 
.kl:f(S reps ea) 
L. sake/ vs L. monocytvgenes 
vs B. thertrosphoctv 
vsC.jejuni 
vs C/. esterthetirum 
vs f. eo/i0157:H7 
Le. /a et is vs L. monocytogenes 
vacuum-packed and stored 
excision sampling 
at week 12 
cfu/cm2 
Cl. estertheticum packs 
scored weekly for 
gas production 
PCA agar= anaerobes 
MRS agar= LAB 
LA+streptcmydn= seed LAB 
MOX agar= L. monoeytogenes 
qPCR =B. thermosphacta, Cl. estertheticum 
Bolton broth/mCCO agar= C.jejuni 
mEC+Novobiocin/ctSMAC =E. eo//0157:H7 
Figure 3.1 Overview of experimental approaches for agar-overlay and streptomycin-
resistant seed LAB experiments 
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For streptomycin-resistant experiments, lower LAB seeding levels (3xl0
3 and 3 x101 cfu 
cm-2) were examined against lower target levels, keeping LAB-target ratios in the order of 
100-10:1 as used in the agar-overlay experiments. Higher (3x 10° cm-
2
) levels of target were 
used for such strains as E. coli that were not expected to grow during storage and, in fact, 
likely to diminish in numbers somewhat during storage compared to 3x10-
1 cm-2 for target 
strains capable of growing during storage. 
Target-strain overlay experiments 
Replicate sets of four boned lamb shoulders, supplied by a local export meat plant, were 
inoculated with combinations of seed LAB and target strain contained within an 11 rnl dose 
(Fig. 3.2). Broth cultures of each inoculation strain (L. sakei Lb706, L. sakei 27, and Le. lactis 
75) were prepared by inoculating a loop-full of colony material into 10 rnl APT broth and 
incubating for 24 h at 25 °C. The optical density of each culture was adjusted to 0.5 at 450 nm 
and diluted to 1 x 106 cfu mr
1 with sterile saline (0.8% NaCl) according to a pre-prepared 
standard curve. Target strain suspensions (L. monocytogenes 11 and B. thermosphacta 20) of 
1 x 105 cfu rnl-1 were prepared in a similar fashion. A control suspension containing no LAB 
was also prepared using the same batch of APT broth. 
For each pack, 10 ml L. sakei strains Lb706 or 27 suspensions were mixed with individual 
1 rnl aliquots of L. monocytogenes suspension and the 11 ml dose injected through a silicon 
septum over the outside surface of each of four freshly boned and vacuum-packaged lamb 
shoulders. This resulted in an inoculum size of 1 x 10
7 cfu per pack of LAB and 1 x 105 cfu 
per pack of target bacterium. 
Silicon septa were prepared by coating a section of the barrier bag (prior to packaging) with a 
layer of Selleys 'All Clear™' and overlaying with a bead of Silaflex™ NG silicone sealer 
(see Appendix 1 for manufacturer details). Seed inocula were similarly prepared for the 
combinations (Le. lactis 75 + L. monocytogenes 11) and (Le. lactis 75 +B. thermosphacta 
20). After seeding, the inocula were massaged over the surface of the meat and, after 
determining that inoculation had not caused loss of vacuum, inoculated packs were stored at 
-1.5 °C. 
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Figure 3.2 Inoculating vacuum-packaged lamb with LAB through a silicon septum 
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Streptomycin-resistant seed LAB experiments 
Broth cultures of LAB and target strains were prepared by inoculating colony material into 10 
ml APT broths and incubating for 24 h at 25 °C. LAB suspensions of 1 x 10
6 cfu mr1 and 1 x 
103 cfu mr1 were prepared by adjusting the optical density of LAB cultures to 0.5 at 450 nm 
and diluting with sterile saline according to a pre-prepared standard curve. Target strain 
suspensions of 1 x 102 cfu mr1 were prepared in a similar way. A control suspension 
containing no LAB was also prepared using APT broth. 
For lamb experiments (three target strains were assessed: L. monocytogenes 11, 18; and 
B. thermosphacta 20), 0.5 ml of each suspension prepared for streptomycin resistant (smr) 
L. sakei Lb706 was inoculated into sets of five vacuum barrier bags (15 bags in total). Each 
bag contained a slice of freshly boned lamb shoulder (obtained from a local abattoir) with a 
surface area of 150 cm2, resulting in approximate inoculation densities of 3000 cfu cm-
2
, 3 cfu 
cm-2 and 0 cfu cm-2 for each respective suspension after application. The procedure was 
repeated for a further set of 15 bags inoculated with smr L. sakei Lb706b. A 0.5 ml aliquot of 
L. monocytogenes 11 was then eo-inoculated into each of the 30 bags. All bags were vacuum-
sealed and stored at -1.5 oc. The same protocol was then used to inoculate two groups of 30 
bags with smr Le. lactis 75 and smr Le. lactis 122 respectively (60 bags in total). All 60 bags 
were eo-inoculated with B. thermosphacta 20 and, to determine any influence of antimicrobial 
breakdown products of casein, half of each group (15 bags for each inoculated LAB) was also 
inoculated with 1 ml 20% skim-milk suspension per pack. 
For beef experiments the growth and/or survival of all seven target strains listed in Table 3.1 
were assessed. As for lamb experiments, three sets of 15 beef packs were inoculated to assess 
L. monocytogenes 11 and 18 growth after inoculation with smr L. sakei Lb706 or Lb706b. 
The same protocol for lamb experiments was used, except that bags contained 1 cm-thick 
slices of fresh beef stiploin with a surface area of approximately 300 cm
2
. Consequently, each 
bag was inoculated with 1 ml of LAB and target suspensions in order to maintain equivalence 
(cfu cm-2) with the lamb experiments. For C. jejuni experiments, three sets of 15 (45 total) 
beef slices were prepared and inoculated with suspensions of smr strains of L. sakei 27, 44 and 
63 respectively per set. A 1 ml portion of a 1 x 10
3 cfu mr1 C. jejuni 27 suspension was then 
eo-inoculated into each bag. This procedure was repeated for an additional group of 45 bags 
except that they were eo-inoculated with C. jejuni 28. For Cl. estertheticum experiments, the 
same method and LAB seed strains were used except that packs were eo-inoculated with 1 ml 
of a 1 x 102 cfu ml-1 suspension of Cl. estertheticum 21 spores. Similarly, for E. coli 0157:H7 
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experiments the same method was used except that LAB inoculations were performed on 45 
bags inoculated with (respectively for the 15 sets of 5 bags) smr L. sakei strains 23K, 44 or 63. 
Packs were eo-inoculated with 1 x 103 cfu mr1 E. coli 0157:H7 3 per pack. 
2.2. Sampling and analysis 
2.2.1 Materials 
- refer to Appendix 1 for frequently used reagents and media. 
2.2.2 Methods 
I. Sampling 
Target-strain overlay experiments 
Individual packs of lamb inoculated through a silicon septum were sampled non-destructively 
every two weeks during storage. Approximately 1 ml of drip was withdrawn from each pack 
using a sterile 1 ml syringe fitted with an 18G needle. Half of each drip sample was stored at 
-80 oc to be used for later qPCR analyses. The remaining drip sample was used for microbial 
assays. 
Streptomycin-resistant seed-LAB experiments 
Packs inoculated with Cl. estertheticum were examined at weekly intervals during storage and 
gas accumulation was determined according to a scale of 0-4, where 0 = no observable gas 
bubbles; 1 = a few small bubbles; 2 = larger numbers of bubbles with no loss of cling 
(vacuum); 3 = loss of vacuum; 4 = obvious pack inflation (Brightwell et al. 2007). Packs were 
opened after 12 weeks storage. A sample of approximately 50 cm2 surface area (-20 cm3 
volume) was excised from each piece of stored meat using a sterile borer. Excised samples 
were homogenized for 2 min in 80 ml MRD using a stomacher (Seward, Sussex, UK) and 
Whirl-Pak filter bags. A 1 ml portion of each homogenate was stored at -80 oc for later use in 
qPCR analyses. Remaining homogenate was used for agar-based microbiological 
assessments. 
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11. Microbiological assessment using agar 
Target-strain overlay experiments 
Drip samples were serially diluted in MRD. Anaerobic bacterial populations and presumptive 
LAB populations were assessed by plating serially-diluted filtrate on PCA and MRS agar 
respectively, incubating plates anaerobically at 25 oc for 72 h and counting colonies. 
LAB populations developing from inoculated strains were assessed by plating serially-diluted 
filtrate on LA and incubating under the same conditions as for PCA and MRS plates. After 
incubation, colonies were killed by 20 min exposure to chloroform in the manner described 
for the agar-stab overlay assay (Chapter 2.2.2). Using the same protocol, plates were then 
overlaid with soft agar containing the target strain and re-incubated for 48 h. Zones of 
inhibition around colonies were then counted as presumptive seed LAB strains. Enumeration 
of L. monocytogenes was performed by plating serially-diluted homogenates onto Modified 
Oxoid agar plates (MOX) and incubating for 24 h at 25 oc followed by 48 h at 30 °C. 
B. thermosphacta populations were evaluated by plating serially-diluted homogenates onto 
STAA agar and incubating for 24 h at 25 °C. Some supporting data was also collected for 
B. thermosphacta populations using qPCR (method described in Appendix 2). 
Streptomycin-resistant seed-LAB experiments 
Homogenates were serially diluted in MRD. Anaerobic bacteria populations, presumptive 
LAB populations and inoculated LAB populations were assessed by plating serially-diluted 
filtrate on, respectively, PCA; MRS agar; and LA containing 500 Jlg mr
1 streptomycin 
sulphate. Inoculated plates were incubated anaerobically at 25 oc for 72 h and colonies 
counted. To determine the presence or absence of viable C. jejuni, 10 ml of sample 
homogenate was added to 90 ml Complete Bolton Broth and incubated for 4 h at 30 oc 
followed by a further 44 h at 42 oc. One loop-full of the enriched broth was then streaked 
onto Campylobacter Blood-Free agar (mCCDA) and incubated micro-aerophilically for 48 h 
at 42 oc. After incubation, typical colonies were confirmed as presumptive Campylobacter 
using dark-field microscopy. Enumeration of L. monocytogenes was performed by plating 
serially-diluted homogenates onto MOX agar plates 
16 as described above. To determine 
presence/absence of viable E. coli 0157:H7, approximately 150 ml of sample homogenate 
16 PALCAM agar was also assessed, however was not considered to be as specific for the strains of 
L. monocytogenes used as MOX agar. 
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(i.e., the remainder of the 50 g meat sample + 100 rnl MRD after a small amount was 
removed for other assays) was added to 1125 ml rnEC+Novobiocin enrichment broth and 
incubated at 25 oc for 2 h followed by 42 oc for a further 16-22 h. Broth samples were then 
plated onto ct-SMAC plates, incubated at 42 oc for 24 h and inspected for typical colonies. 
Broth samples were also stored at -80 oc for later analysis using a multiplex PCR protocol 
described in Appendix 1. 
Ill. Microbiological assessment using qPCR 
B. thermosphacta and Cl. estertheticum populations were determined using real-time PCR 
(qPCR). Supporting data for MOX agar counts was also collected for L. monocytogenes 
populations using qPCR. Template DNA was prepared and analysed from drip and 
homogenate samples according to the method described in Appendix 2, Real-Time PCR 
(qPCR) protocol for detecting and enumerating organisms in drip. Briefly, cells were isolated 
and washed from 10 111 of drip (target-strain overlay experiments) or homogenate 
(streptomycin-resistant seed-LAB experiments). Template DNA was then extracted from the 
cells using a High Pure PCR Template Preparation Kit (Roche) and stored at +4 °C. 
A TaqMan TM 7300 thermocycler (Applied Biosystems; ABI, Foster City, CA) was used to 
perform qPCR on reaction mixtures based on a standard cycling protocol of (50 °C, 2 min; 
95 °C, 10 min) for one cycle, followed by (95 °C, 15 s; 62 °C, 1 min) for 40 cycles. The Tm 
temperature of 62 oc varied depending on the primers used (see Appendix 1 for details). 
Standard curves were prepared from target-bacteria-free drip and homogenate samples 
extracted after inoculation with target strain cells of known concentration (enumerated 
previously by serial dilution and plating using STAA agar (B. thermosphacta) and MOX agar 
(L. monocytogenes) incubated anaerobically at 25 oc for 72 h, and pre-reduced Blood Agar 
(Cl. estertheticum) incubated anaerobically for 2-3 weeks at 10 °C. 
IV. Statistical evaluation 
Statistical evaluations were performed using Excel (Microsoft Office 2007) and GenStat for 
Windows software (lOth Edn. 2007, VSN International Ltd., Hemel Hempstead, UK.). 
Bacterial populations were compared using analysis of variance on log-transformed data. Gas 
production data were compared using analysis of variance on rank transformed data. The 
effect of L sakei levels on packs in which C. jejuni was inoculated was analysed using the 
Fisher's Exact Test (Y ates 1984) incorporated into the GenStat programme. 
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3. Results 
3.1. Target-strain overlay experiments 
3.1.1 L. monocytogenes growth on lamb 
During storage, mean anaerobic numbers in drip collected from packs not inoculated with 
LAB ranged between 2.6 log cfu 100 [tr1 at 2 weeks storage and 8.0 log cfu 100 [tr
1 at 12 
weeks storage (Fig. 3.3a)17 • A similar range (2.7- 8.1) was observed for presumptive LAB. 
Mean numbers of presumptive 'inoculated' LAB, indicated by colonies surrounded with 
plaque-like zones of inhibition in the overlay, ranged between 1.3 log cfu 100 [tr
1 at 2 weeks 
storage and 7.6 log cfu cm-2• Mean L. monocytogenes numbers ranged between 2.7 log cfu 
100 flr1 at 2 weeks to 3.2log cfu 100 flr1• 
For samples inoculated with L. sakei Lb706 similar anaerobic, presumptive LAB and 
presumptive inoculated LAB numbers were observed with the exception that higher numbers 
were generally observed at weeks 2 and 4 (Fig. 3.3b). A mean L. monocytogenes population 
of 2.6 log cfu 100 [tr1 was measured in packs after 2 weeks storage and this value was not 
significantly different from the counts found in packs not inoculated with LAB (p >0.05). 
However, L. monocytogenes was not detected in any pack between 4 and 12 weeks storage 
and this was significantly different to the findings for packs not inoculated with LAB 
(p <0.05). 
L. monocytogenes numbers declined during storage on lamb seeded 
with L. sakei Lb706 and L. sakei 27. 
For packs inoculated with L. sakei 27, anaerobic, presumptive LAB and presumptive 
inoculated LAB populations ranged between 4.7 log cfu 100 [tr1 at 2 weeks and 8.0 log cfu 
100 [tr1 (Fig. 3.3c). L. monocytogenes numbers were lower at 4 weeks storage than for packs 
not inoculated with LAB (p <0.05). Between 6 and 12 weeks storage, mean L. monocytogenes 
numbers were below the level of detection. 
17 Refer to Appendix 3, section 3.1 for supporting data. 
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For packs inoculated with Le. laetis 75, mean levels of anaerobic, presumptive LAB and 
presumptive inoculated LAB populations increased throughout storage from approximately 
5.0 log cfu 100 f.!r1 at 2 weeks to 8.0 log cfu 100 f.!r1 at 12 weeks (Fig. 3.3d). Mean 
L. monoeytogenes numbers ranged from 2.8 log cfu 100 f.!r1 at 2 weeks to 4.5 log cfu 100 f.!r1 
at 12 weeks. L. monoeytogenes populations were no different (p >0.05) from the populations 
in packs not inoculated with LAB at any sampling time except for week 12 when they were 
higher (p <0.05). 
3.1.2 B. thermosphaeta growth on lamb 
During storage at -1.5 °C, mean anaerobic numbers in drip collected from vacuum packs of 
chilled lamb not inoculated with LAB ranged between 4.5 log cfu 100 f.!r1 at 2 weeks storage 
and 8.1 log cfu 100 f.!r 1 at 12 weeks storage (Fig. 3.4a). A similar range (4.3 to 7.4) was 
observed for presumptive LAB. Mean presumptive inoculated LAB numbers ranged between 
4.7 log cfu 100 f.!r 1 at 2 weeks storage and 6.3 log cfu cm-2• Mean B. thermosphaeta numbers 
measured using STAA agar were generally similar to supporting data18 collected using qPCR 
and ranged from 4.7log cfu 100 f.!r1 at 2 weeks to 6.3log cfu 100 f.!r1• 
B. thermosphaeta numbers declined during storage on lamb seeded with 
Le. laetis 75. 
As was found for the L. monoeytogenes experiments, packs inoculated with Le. laetis 75 had 
mean levels of anaerobic, presumptive LAB and presumptive inoculated LAB populations 
that increased throughout storage from approximately 4.4 log cfu 100 f.!r1 at 2 weeks to 8.3 
log cfu 100 f.!r1 at 12 weeks (Fig. 3.4b). Mean B. thermosphaeta numbers were below the 
limit of detection prior to week 10 and lower than for packs not inoculated with Le. laetis 
(p <0.01). Mean numbers were 2.7 log cfu 100 f.!r1 at week 10 and were lower than the 
numbers observed at week 10 for samples not inoculated with Le. laetis (p <0.01 for weeks 2-
6, <0.05 for week 8). Week 10 and 12 numbers were not significantly different to those 
observed for samples not inoculated with Le. laetis (p >0.05). 
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Microbial growth data for vacuum-packaged lamb stored for 12 weeks at -1.5 oc after 
inoculating with 1 x 105 cfu pack
1 L. monocytogenes 11 (a) and also with 1 x 10
7 cfu pack-1 
L. sakei Lb706 (b), L. sakei 27 (c) or Le. lactis 75 (d). Counts are presented for inoculated 
LAB (dark green bars), presumptive LAB (light green bars), anaerobic (blue bars), and 
(secondary axis) L. monocytogenes ( •) populations. Vertical lines represent standard 
deviations associated with each data set (n=4). 
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Figure 3.4 B. thermosphacta growth on lamb - 'plaque' LAB quantification 
Microbial growth data for vacuum-packaged lamb stored for 12 weeks at -1.5 oc after 
inoculating with 1 x 105 cfu pack1 B. thermosphacta 20 (a) and also with 1 x 107 cfu pack-1 
Le. lactis 75 (b). Counts are presented for presumptive inoculated LAB (dark green bars), 
presumptive LAB (light green bars), anaerobic (blue bars), and (secondary axis) 
B. thermosphacta ( •) populations. Vertical lines represent standard deviations associated with 
each data set (n=4). 
80 
3.2. Streptomycin-resistant seed LAB experiments 
3.2.1 L. monocytogenes growth on lamb 
L. monocytogenes results obtained using qPCR were generally supportive of results obtained 
using MOX agar19. After 12 weeks storage at -1.5 °C, mean anaerobic populations in vacuum 
packs of chilled lamb ranged between 6.8 log cfu cm-
2
, for control packs, and 7.8 log cfu cm-
2 
for packs inoculated with streptomycin resistant (smr) L. sakei Lb706 at 3000 cfu cm-
2 (Fig. 
3.5a)5• Streptomycin resistant L. sakei Lb706 populations comprised 98% and 47% of the 
microbial populations in packs initially inoculated with L. monocytogenes 11 with 3000 and 3 
cfu cm-2 LAB respectively; and were not detected in control packs. For packs inoculated with 
L. monocytogenes 18, the smr L. sakei Lb706 populations were 80% and 82% of the microbial 
populations. For control packs, presumptive LAB populations were on average <10% of the 
anaerobic population. A very small ( <0.0 1% anaerobic populations) streptomycin resistant 
population was detected in one control pack inoculated with L. monocytogenes 11 and in four 
packs inoculated with L. monocytogenes 18. The mean streptomycin resistant population in 
packs inoculated with L. monocytogenes 18 was 3.2 log cfu cm-
2 above the MLD (208 cfu 
cm-2), but was not significantly higher than the mean population observed for packs 
inoculated with L. monocytogenes 11 (p >0.05). 
L. monocytogenes 11 numbers were lower after 12 weeks storage on 
lamb seeded with 3000 cfu cm-2 smr L. sakei Lb706 
Inoculated L. monocytogenes 11 populations grew to mean numbers of 3.5 log cfu cm-
2 in 
control packs and to 3.3 log cfu cm-
2 in packs inoculated with L. sakei Lb706 at 3 cfu cm-
2 
(Fig. 3.5a). In contrast, L. monocytogenes 11 were below the limit of detection in packs 
inoculated with smr L. sakei Lb706 at 3000 cfu cm-
2 and their numbers were significantly 
lower (p < 0.05) than the mean numbers of L. monocytogenes in control packs or packs 
inoculated with smr L. sakei Lb706 at 3 cfu cm-
2
• Inoculated L. monocytogenes 18 populations 
grew to mean numbers of 4.5 log cfu cm-
2 in control packs and to 4.1 log cfu cm-2 in packs 
inoculated with smr L. sakei Lb706 at 3 cfu cm-
2 and 3.3 cfu cm-2 in packs inoculated with 
smr L. sakei Lb706 at 3000 cfu cm-
2
. L. monocytogenes 18 numbers were not significantly 
19 Refer to Appendix 3, 3.1 B.l 
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Figure 3.5 L. monocytogenes growth on lamb - smr LAB quantification 
Microbial data for vacuum-packaged lamb stored for 12 weeks at -1.5 oc after inoculating 
with 0.3 cfu cm-2 L. monocytogenes (Lm) 11 and 18. Packs were eo-inoculated with 3000, 3 
or 0 cfu cm-2 streptomycin resistant (smr) L. sakei Lb706 (a) or smr L. sakei Lb706b (b). 
Counts are presented as log cfu cm-2 values for inoculated L. sakei (dark green bars), 
presumptive LAB (light green bars), anaerobic (blue bars), and (secondary axis) 
L. monocytogenes ( •) populations. Vertical lines represent standard deviations associated 
with each data set (n=5). 
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lower (p < 0.05) in packs inoculated with either level of smr L. sakei Lb706 compared to 
control packs. 
For packs inoculated with smr L. sakei Lb706b, mean populations were generally similar to 
those observed for packs inoculated with L. sakei Lb706 (Fig. 3.5b). However, for both packs 
inoculated with L. monocytogenes 11 or 18 mean L. monocytogenes numbers were not 
significantly different between control packs and packs inoculated with either level of 
streptomycin resistant L. sakei Lb706b (p >0.05). 
3.2.2 B. thermosphacta growth on lamb 
After 12 weeks storage, mean anaerobic populations ranged between 7.5 and 8.1 log cfu cm-
2 
for all packs (Fig. 3.6a)20. Significant populations of smr Le. laetis 75 and 122 were not 
detected for any sample. B. thermosphaeta populations ranged between 5.8 and 6.4 log cfu 
cm-2 across all inoculated packs and composed between 3% and 6% of mean anaerobic 
populations. B. thermosphaeta was not detected in packs un-inoculated with the target strain. 
No significant differences (p >0.05) were observed between B. thermosphaeta populations in 
inoculated and control packs. 
3.2.3 L. monoeytogenes growth on beef 
After 12 weeks storage at -1.5 °C, mean anaerobic populations in vacuum packs of chilled 
beef ranged between 2.9 log cfu cm-2, for control packs, and 7.4 log cfu cm-
2 for packs 
inoculated with smr L. sakei Lb706 at 3000 cfu cm-
2 (Figs. 3.7 a and b)21 . 
L. monoeytogenes and B. thermosphaeta was not detected on stored 
beef either with or without LAB inoculation. 
Presumptive LAB populations constituted between 20% and 100% of the respective microbial 
populations for all packs. Streptomycin resistant populations represented between 50% and 
100% of presumptive LAB populations in inoculated packs indicating that the inoculated 
LAB had formed dominant components of pack populations. In contrast, smr Le. laetis 75 was 
20 Refer to Appendix 3, 3.1 B2 for supporting data. 
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Figure 3.6 B. thermosphacta growth on lamb - smr LAB quantification 
Microbial data for vacuum-packaged lamb stored for 12 weeks at -1.5 oc after inoculation 
with 0.3 cfu cm·2 B. thermosphaeta 20. Packs were eo-inoculated with 3000, 3 or 0 cfu cm-2 
streptomycin resistant (smr) Le. laetis 75 (a) or smr Le. laetis 122 (b) without (-sm) or with (+sm) 
milk extract complementation. Counts are presented as log cfu cm-2 values for inoculated smr 
L. sakei (dark green bars), presumptive LAB (light green bars), anaerobic (blue bars), and 
L. monoeytogenes ( •) populations. Vertical lines represent standard deviations associated 
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Figure 3.7 L. monocytogenes growth on beef - smr LAB quantification 
Microbial data for vacuum-packaged beef steaks stored for 12 weeks at -1.5 oc after 
inoculation with 0.3 cfu cm-2 L. monoeytogenes. For L. sakei experiments, packs were 
inoculated with L. monoeytogenes (Lm) 11 or 18 and eo-inoculated with 3000, 3 or 0 cfu cm-2 
streptomycin resistant (smr) L. sakei Lb706 (a) or smr L. sakei Lb706b (b). For Le. laetis 
experiments, packs were inoculated with L. monoeytogenes 11 without (-sm) or with (+sm) 
milk extract complementation and eo-inoculated with 3000, 3 or 0 cfu cm-2 smr Le. laetis 75 
(c) or smr Le. laetis 122 (d). Counts are presented as log cfu cm-2 values for inoculated LAB 
(dark green bars), presumptive LAB (light green bars), anaerobic (blue bars), and (secondary 
axis) L. monoeytogenes ( •) populations. Vertical lines represent standard deviations 
associated with each data set (n=5). 
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not detected in significant levels for any inoculated pack, although minor levels, representing 
less than 0.5% of respective anaerobic populations, were detected in a few packs (Fig. 3.7c 
and d). L. monocytogenes was also not detected in any pack including control packs not 
inoculated with LAB (Figs. 3.7 a-d). Similarly, L. monocytogenes was not detected in any 
pack inoculated with or without streptomycin resistant strains of L. sakei 27, 44 or 63 (data 
not shown here) 22. 
3.2.4 B. thermosphacta growth on beef 
Inoculated strains of smr L. sakei 27 and 63 developed into large components of beef packs 
inoculated with B. thermosphacta (Fig. 3.8). In contrast, significant levels of smr L. sakei 44 
were not detected in packs initially inoculated with L. sakei 44 or in control packs. However, 
like experiments with L. monocytogenes, B. thermosphacta was not effectively detected in 
any pack inoculated with or without LAB. 
3.2.5 C. jejuni recovery from beef packs 
After 12 weeks storage, mean anaerobic populations ranged between 7.3 log cfu cm-
2
, for 
control packs, and 6.7 log cfu cm-2 for packs inoculated with streptomycin resistant L. sakei 
27, 63 or 44 with or without inoculation with C. jejuni 27 (Fig. 3.9). Presumptive LAB 
populations formed major components of microbial populations in all packs. Streptomycin 
resistant L. sakei 27 populations comprised 60% and 3% of the anaerobic populations 
measured in packs initially inoculated at 3000 and 3 cfu cm-
2 LAB respectively; and 
inoculated with C. jejuni 27. Significant levels of streptomycin resistant populations were not 
detected in control packs. Similarly, smr L. sakei 63 populations comprised 49% and 1% of 
anaerobic populations in respectively inoculated packs and were not detected in control packs. 
In contrast, and like B. thermosphacta experiments, significant levels of smr L. sakei 44 were 
not detected in packs initially inoculated with L. sakei 44 or in control packs. 
Reduced C. jejuni recovery was observed for stored beef initially 
seeded with smr L. sakei 27, 44 or 63 at 3000 cfu/cm2• 
Viable C. jejuni was recovered from all control packs and from packs inoculated with smr 
L. sakei strain 44 or 63 at 3 cfu cm-2 but from only 60% of packs inoculated with the same 
level of smr L. sakei 27. Viable C. jejuni was also recovered from 60%, 60% and 20% of 
22 Refer to Appendix 3, 3.2 B. 
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Figure 3.8 B. thermosphacta growth on beef inoculated with L. sakei - smr LAB quantification 
Microbial data for vacuum-packaged beef stored for 12 weeks at -1.5 oc after inoculation with 
0.3 cfu cm-2 B. thermosphacta 20. Packs were eo-inoculated with 3000, 3 or 0 cfu cm-2 
streptomycin resistant (smr) L. sakei (Ls) 27, 44 or 63. Counts are presented as log cfu cm-2 
values for inoculated L. sakei (dark green bars), presumptive LAB (light green bars) and 
anaerobic populations (blue bars). B. thermosphacta populations were not detected, with red 
markers ( • ) indicating half the minimum level of detection for the assay method used23 . 
Vertical lines represent standard deviations associated with each microbial count data set (n=5). 
23 B. thermosphacta was effectively not detected in any sample; however, due to the low sensitivity of qPCR 
(related to the small sample volumes used compared to assays on selective agar) relatively high half-MLD 
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Figure 3.9 C. jejuni recovery from stored beef inoculated with L. sakei - smr LAB quantification 
Microbial data for vacuum-packaged beef stored for 12 weeks at -1.5 oc after inoculation with 
3 cfu cm-2 C. jejuni 27. Packs were eo-inoculated with 3000, 3 or 0 cfu cm-
2 streptomycin 
resistant (smr) L. sakei (Ls) 27, 44 or 63. Counts are presented as log cfu cm-
2 values for 
inoculated smr L. sakei (dark green bars), presumptive LAB (light green bars), anaerobic (blue 
bars). C. jejuni populations ( •) are presented as the percentage of packs positive for the 
organism after sample enrichment and selection. Vertical lines represent standard deviations 
associated with each microbial count data set (n=5). 
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packs inoculated respectively with streptomycin resistant strains of L. sakei 27, 44 and 63 at 
3000 cfu cm-2. Overall, packs inoculated with 3000 cfu cm-2 smr L. sakei were associated with 
a lower level (p <0.05) of C. jejuni recovery than either control packs or packs inoculated 
with smr L. sakei at 3 cfu cm-2• Similar results were obtained with packs inoculated with 
C. jejuni 28, with 40%, 60% and 60% recoveries from packs inoculated with streptomycin 
resistant strains of L. sakei 27, 63 and 44 respectively; and smr L. sakei 44 populations also 
not detected at 12 weeks storage24. 
3.2.6 Gas production in beef packs inoculated with Cl. estertheticum 
After 12 weeks storage, the average anaerobic populations in all packs ranged between 7.1 
and 6.8log cfu cm-2 (Fig. 3.10). Streptomycin resistant L. sakei 27 comprised 52% and 3% of 
anaerobic populations measured in packs initially inoculated at 3000 and 3 cfu cm-2 
respectively and was not detected in control packs. Similarly, smr L. sakei 63 comprised 56% 
and 1% of anaerobic populations in respectively inoculated packs and was not detected in 
control packs. In contrast, and as occurred in experiments with B. thermosphacta and 
C. jejuni, smr L. sakei 44 comprised less than 1% of the anaerobic population of packs 
inoculated at 3000 cfu cm-2 and was not detected in packs inoculated at 3 cfu cm-2 or in 
control packs. After storage, Cl. estertheticum was detected in an increased number of packs 
inoculated with the target strain and were not detected in un-inoculated control packs9• 
The rate of Cl. estertheticum-associated gas accumulation was lower for 
beef seeded with smr L. sakei 27 at 3000 cfu cm-2. 
Packs inoculated with smr L. sakei 27 at 3000 cfu cm-2 took a mean time of 8.8 weeks to 
accumulate gas to score value of 2 compared to 7.8 weeks for packs inoculated with 3 cfu 
cm-2 and un-inoculated packs. Longer periods (8.4 and 8.5 weeks respectively) were also 
taken to reach average gas scores of 2 by packs inoculated with smr L. sakei 63 or 44 at 3000 
cfu cm-2 compared to packs inoculated with low or no levels of L. sakei. 
Overall, packs inoculated with L. sakei at 3000 cfu cm-2 took longer to accumulate gas to 
score 2 than either un-inoculated packs or packs inoculated with L. sakei at 3 cfu cm-2 
(p <0.05). 
24 
Refer to Appendix 3, 3.2 B. 
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Figure 3.10 Gas accumulation in Cl. estertheticum- inoculated stored beef eo-inoculated 
with L. sakei - smr LAB quantification 
Microbial data for vacuum-packaged beef stored for 12 weeks at -1.5 oc after inoculation 
with 0.3 cfu cm-2 Cl. estertheticum 21. Packs were eo-inoculated with 3000, 3 or 0 cfu cm-
2 
L. sakei (Ls) 27, 44 or 63. Counts are presented as log cfu cm-
2 values for inoculated L. sakei 
(dark green bars), presumptive LAB (light green bars), anaerobic (blue bars), and 
Cl. estertheticum ( ~) populations. Gas scores ( •) are presented as the average time for 
packs to accumulate gas to a score of 2. Vertical lines represent standard deviations associated 
with each data set (n=5). 
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3.2.7 E. coli 0157:H7 recovery from beef packs 
After 12 weeks storage, inoculated strains of smr L. sakei 63 had developed into large 
components of beef packs inoculated at 3000 and 3 cfu cm-2. E. coli 0157:H7 strain 3 was 
recovered from all inoculated packs as well as 4/5 control packs (Fig. 3.11). E. coli 0157:H7 
strain 3 was also recovered from all packs inoculated with smr L. sakei 23K or smr L. sakei 44 
at 3000 and 3 cfu cm-2, although growth of the inoculated LAB strains was not observed in 
these packs. 
4. Discussion 
The presumptive LAB recovered on MRS agar do not necessarily represent all LAB strains in 
a meat spoilage flora (Reuter 1985; Holzapfel 1992). This is evident with the flora of control 
packs, where counts on MRS were only fractions of anaerobic populations. The difference 
between MRS and anaerobic counts is likely due to the presence of such LAB as 
carnobacteria which, while commonly found on vacuum-packaged meat, do not grow well at 
pH values <6 or on acetate-containing media (Jay 1992; Stiles and Holzapfel 1997). 
Initial experiments sought to enumerate inoculated LAB strains by counting colonies that 
produced zones of inhibition after overlaying plates with soft agar containing the target strain. 
Two problems occurred when using this technique. Firstly, some zones of inhibition were 
very wide and occluded zones possibly present around adjacent colonies. Secondly, high 
numbers of colonies producing zones of inhibition were detected in many samples collected 
from both inoculated and control packs. The latter problem indicated that inhibitory bacterial 
strains were present in addition to the inoculated LAB strains. A method was therefore 
required to distinguish the two groups. While it may have been possible to improve the target-
strain overlay method (e.g., by subtracting control group inhibitory zone counts from treated 
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Microbial growth data for vacuum-packaged beef stored for 12 weeks at -1.5 cc after 
inoculation with 3 cfu cm-2 E. coli 0157:H7 strain 3. Packs were eo-seeded with 0, 3 or 3000 
cfu cm-2 streptomycin resistant (smr) L. sakei (Ls) 23K, 44 or 63 . Counts are presented as log 
cfu cm-2 values for inoculated L. sakei (dark green bars), presumptive LAB (light green bars) 
and anaerobic (blue bars) populations. E. coli 0157:H7 populations ( •) are presented as the 
percentage of packs positive for the organism after sample enrichment and selection. Vertical 
lines represent standard deviations associated with each microbial count data set (n=5). 
93 
were found to provide superior results so the latter approach was adopted for subsequent 
experiments. Initial experiments used non-destructive sampling of meat drip. While this had 
the advantage of allowing the same pack to be sampled over time (provided enough drip was 
available and this was not always the case) subsequent experiments adopted excision 
sampling because, while destructive, it gives a more accurate reflection of microbial 
populations on the meat surface (Gill and Jones 2000a). 
For a strain of LAB to be useful as a bio-preservative, inhibitory activity observed using 
simple laboratory screening methods must be reproducible in the environment proposed for 
the organism's application. L. sakei Lb706 produces the anti-listeria! bacteriocin sakacin-A 
and has been reported to be inhibitory for L. monocytogenes in or on media, including MRS 
broth and Luria agar, and when growing in processed meats such as cooked mince and raw 
sausage (Schillinger et al. 1991; Jones et al. 2008). In the present study it was found that both 
L. sakei Lb706 and its non-bacteriocinogenic analogue Lb706b could predominate in the flora 
of fresh meat and drip stored at -1.5 oc and significant levels of L. monocytogenes 11 
inhibition could be obtained on lamb inoculated with the bacteriocin-producing strain. These 
findings confirm that L. sakei might be used for control of Listeria spp. on processed meats as 
others have suggested (Vermeiren et al. 2006a) but further work is required (see Chapter 4) to 
determine if the sensory qualities of lamb are affected by inoculation with L. sakei. 
The extent to which L. monocytogenes was inhibited by L. sakei Lb706 varied with the strain 
of L. monocytogenes as well as numbers of L. sakei inoculated. The latter finding was similar 
to that of Vermeiren, Devlieghere et al. (2006a). L. monocytogenes 18 numbers were not 
significantly lower for packs inoculated with L. sakei Lb706 than for control packs. This was 
a surprising finding because L. sakei Lb706 was equally inhibitory toward both 
L. monocytogenes 11 and 18 using agar-stab experiments. Further work using more replicates 
may determine if this finding is due to L. monocytogenes 18 having a higher resistance to 
sakacin A on meat or whether the observed non-significant inhibition was simply an effect of 
the wide standard deviation obtained when using five replicates. Further work will also be 
needed to determine optimal levels of L. sakei inoculation for different types of meat products 
and may also be required to determine the types of L. sakei strains needed for inocula in order 
to address the range of L. monocytogenes strains expected in particular food products. The 
optimum levels might vary with the initial numbers of target organisms and their ability to 
compete with inoculated L. sakei. L. sakei strains generally grew well on lamb and beef for all 
experiments with the exception of L. sakei 44. Reasons for the non-proliferation of this strain 
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are not evident from the data available. L. sakei is a relatively heterogeneous species with a 
diverse range of chromosome size and makeup that reflect the diverse environments from 
which strains are isolated (Chaillou et al. 2009). Proliferation of meat-sourced isolates on 
similar types of meat is perhaps therefore not surprising. 
Both L. monocytogenes and B. thermosphacta grew poorly on beef so bio-preservation 
strategies against these strains on beef may be less important than for lamb. Interestingly, 
experiments with beef highlighted the relatively higher minimum level of detection (MLD) of 
qPCR for detecting B. thermosphacta compared to agar-based detection methods. While 
qPCR is a highly specific technique, agar-based assays can theoretically detect 1 cfu in 100 [.tl 
homogenate, whereas qPCR requires at least 50 cfu in 100 [.tl homogenate in order to detect 1 
cfu in the 2 [.tl used for analysis. 
C. jejuni has been isolated from fresh and frozen meat (Stern 1981; Bosilevac et al. 2007; 
Wong et al. 2007). Although it is unable to grow at chill temperatures, C. jejuni is capable of 
remaining viable in vacuum-packaged meat during long periods of storage at -1.5 oc (Dykes 
and Moorhead 2001) and thus represents a potential safety as well as a market access concern 
(Anonymous 2000). In our experiments, C. jejuni and E. coli 0157:H7 strains were 
inoculated at higher levels than target strains such as L. monocytogenes that can develop into 
larger populations during storage. This was done to enhance the ability to detect the low 
numbers of target strains unable to grow during storage, especially considering that the 
viability of inoculated numbers may decline during storage due to factors not related to the 
inoculated LAB. We found that both L. sakei 27 and L. sakei 63 could become major 
components of the beef flora when inoculated at 3000 cfu cm·
2
. This was associated with a 
lower incidence of C. jejuni detection compared to un-inoculated packs and packs inoculated 
with L. sakei at 3 cfu cm-2. L. sakei 27 was associated with a reduced incidence of C. jejuni 
recovery, but had previously been found to be non-inhibitory for C. jejuni in agar-stab 
experiments (Jones et al. 2008). This supports the conclusion that because anti-microbial 
effects of LAB can differ under different substrate and storage conditions, simple laboratory 
screening methods, while convenient, may not detect LAB strains with inhibitory properties 
in other environments (Schillinger et al. 1996; Todorov and Dicks 2005; Hequet et al. 2007). 
Thus, L. sakei 63, which was inhibitory in agar-based studies, formed approximately 1% of 
the anaerobic population in packs inoculated with 3 cfu cm-
2 LAB and was not associated 
with a reduction in the numbers of packs positive for C. jejuni. In contrast, L. sakei 27, which 
was non-inhibitory in agar-based studies, was a larger component of the anaerobic population 
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and was associated with reduced recovery of C. jejuni. This indicates that inhibitory 
mechanisms other than those detectable by the agar-stab assay may be at work. Inoculation 
with L. sakei 44 was also associated with reduced recovery of C. jejuni even though the 
inoculated strain was not detected after 12 weeks storage. The reason for the absence of 
L. sakei 44 at the end of the storage period is not apparent from these results. However, 
because different LAB populations can develop in stored meat and sequentially succeed each 
other as the environment is modified (Jones 2004) the development of an inhibiting L. sakei 
44 population at an earlier stage of storage is possible. 
Le. lactis 75 and 122 populations were not detected on either lamb or beef after 12 weeks 
storage. Inoculation with Le. lactis 75 was also not associated25 with reduced numbers of 
B. thermosphacta, either with or without inoculation with milk extract. Some strains of 
Le. lactis are known to produce anti-microbial peptides from casein towards organisms such 
as E. coli and L. monocytogenes (Meisel and Bockelmann 1999) and enhanced inhibition of 
target strains has been reported for Le. lactis 122 when growth medium contains milk extracts 
(per comm. John Tagg, 2008). However, activity was not observed on stored meat because the 
two Le. lactis strains tested failed to grow in addition to L. monocytogenes and 
B. thermosphacta growing poorly on beef. The apparent inability of Le. lactis 122 to grow on 
stored meat reflects the observation that it also does not grow in broth stored at -1.5 oc (see 
Chapter 2); and the inability of both Le. lactis strains to grow on stored meat reflects the 
observation that obligately homofermentative LAB tend to be less successful in meat 
environments (Holzapfel 1998). 
Streptomycin resistant Le. lactis 75 grows on Streptomycin Thallous Acetate Actidione 
(STAA) agar, which is normally used for the selective enumeration of B. thermosphacta. 
B. thermosphacta was therefore enumerated using qPCR. The relative proportions of viable 
and non-viable B. thermosphacta could not be differentiated from the nucleotide sequences 
enumerated from week 12 lamb samples. Nevertheless, because the numbers of sequences 
measured were similar with all treatments and were equivalent to about 6 log cfu cm-2 at week 
12 after an initial inoculation at 0.3 log cfu cm-2, it is evident that B. thermosphacta 
populations flourished in all inoculated packs. Consequently, Le. lactis 75 does not appear to 
be a potentially useful bio-preservative strain for this type of product. 
25 Except for target-strain overlay experiments; however, the cause of inhibition was not determined and 
Le. /actis presence could not be reliably shown. 
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Genes associated with hypothiocyanate production have been reported in L. sakei 23K 
(Chaillou et al. 2005) and anti-microbial activity has been observed by L. sakei 44 against the 
Gram negative organism C. jejuni using agar-stab experiments (see Chapter 2). However, 
neither L. sakei strain grew on stored beef so it was not possible to determine if a reduction of 
E. coli 0157:H7 could be produced. Major populations of streptomycin resistant L. sakei 63 
did develop on beef inoculated with E. coli 0157:H7. However, although L. sakei 63 was 
found to inhibit C. jejuni in agar-stab experiments (see Chapter 2), a decrease in E. coli 
0157:H7 recovery from inoculated packs was not observed with either of the two inoculation 
levels. This is similar to findings by Ruby and Ingham (2009). 
Cl. estertheticum causes blown-pack spoilage of vacuum packaged meats, including beef 
(Collins et al. 1992; Helps et al. 1999; Broda et al. 2002). In beef inoculated with 
Cl. estertheticum and LAB, L. sakei 27 and L. sakei 63 were found to be present in large 
numbers after 12 weeks storage. This is consistent with the findings for packs inoculated with 
C. jejuni and LAB. For all three strains of L. sakei, packs inoculated with 3000 cfu cm-
2 were 
associated with longer average times for packs to lose their vacuum due to gas production. 
The longest delays were observed with L. sakei 27. This was unexpected because L. sakei 27 
had previously been found to be non-inhibitory for Cl. estertheticum in agar-stab experiments 
(see Chapter 2). Cl. estertheticum do not grow on anaerobically incubated PCA and were 
therefore enumerated using qPCR. Cl. estertheticum numbers were generally no lower after 
storage in packs inoculated with L. sakei 27 than in un-inoculated control packs
26
, so 
differences in Cl. estertheticum populations at week 12 cannot explain the observed delays in 
gas accumulation. The reason for delayed accumulation therefore remains unclear although 
there is an association between delay and the presence of large populations of L. sakei 
generally. Delays in gas accumulations in packs inoculated with L. sakei 44 and L. sakei 63 
were also not due to reduced Cl. estertheticum populations after 12 weeks storage although, in 
contrast to L. sakei 27, L. sakei 44 and L. sakei 63, had been found to be inhibitory to 
Cl. estertheticum in agar-stab assays. Inoculating beef with L. sakei at 3000 cfu cm-
2 appears 
to be a possible method of delaying the onset of pack blowing, but only by a limited time. 




Organoleptic outcomes of treating vacuum-packaged stored lamb with a three-strain 
L. sakei cocktail. (1) The fate of inoculated L. sakei populations, (2) generation of 
spoilage products and (3) sensory evaluation using a taste panel 
Several L. sakei strains were identified in Chapter 3 that can grow on stored meat and inhibit 
the growth and spoilage potential of target bacterial populations. However, to be useful as 
bio-preservation strains the growing strains themselves should not detract from the overall 
sensory acceptance of the product. Experiments were performed to compare sensory panel 
acceptance of stored lamb treated with or without a L. sakei cocktail. Microbial populations 
and metabolic products were also measured and compared. 
1. Introduction 
Many different LAB have been reported as effective at inhibiting target strains in the stored 
meat environment (examples are discussed in Chapter 1). However, as we continue to 
evaluate the practical application of particular LAB strains as bio-preservation products we 
must establish if such strains are also capable of flourishing on stored product (at least to a 
point where inhibitory activity is formed) whilst not contributing negatively to the product's 
overall quality (Stiles 1996). In the present study, three strains of L. sakei were evaluated that 
had previously been shown to inhibit one or more strains of L. monocytogenes, C. jejuni and 
Cl. estertheticum in a simple agar-based screening method [see Chapter 2 and Jones, Hussein 
et al. (2008)]. Of particular note was the finding that three strains of L. sakei (27, 44 and 63) 
retained inhibitory properties when inoculated onto stored meat (Chapter 3). Having 
established that these strains of L. sakei can flourish on stored meat to the extent that the 
growth of target organism populations is inhibited it now needs to be determined if meat 
treated in such a fashion will remain organoleptically acceptable to the consumer. In 
particular, it needs to be determined if spoilage properties associated with LAB inoculation, as 
determined by sensory trials, are no greater than the contributions to spoilage made by 
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organisms associated with non-inoculated product. Toward this aim, an experiment was 
performed that evaluated the organoleptic qualities of chill-stored vacuum-packaged lamb 
treated with a three-strain L. sakei cocktail. After storage, seeded product was evaluated for a 
range of quality indicators including taste-panel acceptance, bacterial populations and 
metabolic by-products. 
2. Materials and Methods 
2.1. Meat seeding and storage 
2.1.1 Materials 
-refer to Appendix 1 for frequently used reagents and media. 
• MRS-smX agar 
- (MRS agar pH6.8 + 500 !!g mr1 streptomycin sulphate+ 100uM X-gal). 
Prepare molten MRS agar and cool to 45 °C. Dissolve streptomycin sulphate (50 
mg per 100 ml agar in 5 ml saline or MRS broth), filter sterilize (0.22 !!ill filter) and 
mix into the MRS agar. For each 100 ml agar, dissolve 4 mg X-gal in 0.2 ml 
di-methylformamide and mix into the agar. 
4 mg/100 ml = (0.004 g/408.6 MW)*lOOO ml ~ 100 uM 
Pour plates and allow to set. 
• MRS-rifX agar 
- (MRS agar pH6.8 + 100 !!g ml-1 rifampicin+ 100uM X-gal). 
Use the same method as for MRS-smX agar except substitute 10 mg rifampicin 
dissolved in 200 !!1 methanol for streptomycin in step 2 (no need to filter sterilize 
but mix in with agar quickly to prevent precipitation of the rifampicin). 
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2.1.2 Methods 
I. Antibiotic-resistant seed strain selection 
Three New Zealand L. sakei meat isolates (strains 27, 44 and 63) were used for the 
preparation of seed suspensions. The strains had previously been shown to grow on stored 
meat and inhibit one or more of the target bacteria L. monocytogenes, C. jejuni and 
Cl. estertheticum (see Chapter 3). Natural antibiotic resistant sub-populations were first 
selected for each strain (to allow differentiation from background LAB and between 
inoculated strains on selective medium) using methods described in Appendix 2. Selected 
sub-populations were stored at -80 oc in APT broth containing 40% glycerol. Briefly, 
streptomycin resistant (smr) L. sakei 63 had previously been isolated for the work described in 
Chapter 3 (see Table 3.1) and was observed to grow on MRS agar containing 500 flg mr
1 
streptomycin sulphate (MRS-sm) but not on MRS agar containing 100 flg mr
1 rifampicin 
(MRS-rif). Antibiotic resistant strains of L. sakei 27 and L. sakei 44 were selected that were 
resistant to 200 flg rnl-1 rifampicin (rif L. sakei 27 and rif L. sakei 44 respectively). 
Subsequent experiments revealed that rif L. sakei 44 colonies could be differentiated from rif 
L. sakei 27 colonies on MRS-rif agar when X-gal (bromo-chloro-indolyl-galactopyranoside) 
was included in the agar's formulation to a concentration of lOOuM (MRS-rifX). Rif L. sakei 
44 produced white colonies after aerobic incubation whereas rif L. sakei 27 produced dark 
blue colonies (Fig. 4.1) indicating the possession of a functional ~-galactosidase gene 
resulting in cleavage of X-gal to yield a coloured product (Obst et al. 1995; Stentz et al. 
2000)27 . Smr L. sakei 63 also produced blue colonies on MRS-sm agar containing 1 OOflM X-
gal (MRS-smX). 
11. Seed inocula preparation 
L. sakei strains were grown on APT agar plates incubated for 48 h at 25 °C. One colony from 
each strain was then inoculated into 15 rnl aliquots of APT broth and incubated for 18 h at 
25 °C. Cell suspensions were prepared by diluting each strain in a 40% glycerol/MRD fluid 
mixture [after adjusting to a pre-determined optical density (450 nm)] to achieve a 
concentration that when seeded onto meat delivered a seeding distribution in the order of 
3,000 (High), 30 (Low) or 0 cfu cm-2
 of each of the three L. sakei strains to the meat surface. 
27 Parent strains (i.e., unselected for antibiotic resistance) produced the same results on X-gal containing agar. 
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Figure 4.1 Rifampicin resistant L. sakei strains 27 and 44. Colonial morphologies 
on MRS-rif.X agar 
After 96 h aerobic incubation on MRS-rifX agar, rifampicin resistant L. sakei 27 produces 
blue colonies indicating the possession of a functional ~-galactosidase gene which has cleaved 
X-gal to yield galactose and 5-bromo-4-chloro-3-hydroxyindole (the latter oxidizes to form 
the blue pigment 5,5'-dibromo-4,4'-dichloro-indigo). In contrast, rifampicin resistant L. sakei 
44 produces white colonies, indicating non-cleavage of X-gal. 
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Sample seeding was performed at a local export abattoir. Since this was a commercial facility 
the seed organisms needed to be contained within the plant. To achieve this, 600 [tl of 
appropriately diluted and combined cultures were sealed in size 0 (zero) white gelatine 
capsules (Mid-West Pharmaceuticals, Hastings) and kept frozen at -80 oc until required. This 
procedure also provided a convenient method for delivering uniform dosages during the 
seeding operation. 
Ill. Inoculation and storage 
Fresh lamb leg slices were used for seeding experiments. Six replicate slices were used for 
each of the three L. sakei seeding levels (Hi, Lo and 0 cfu each strain) evaluated at each of the 
five sampling times (6, 8, 10, 12 and 14 weeks). To obtain the 90 slices required, the two hind 
legs from each of 15 lambs were matched (left or right), tunnel-boned, and then sliced into 
three identifiable pieces (top, middle and bottom) with an approximate surface area of 400 
cm2 each (requiring 1.2 x106, 1.2 x 104 and 0 cfu of each L. sakei strain for seeding each slice 
to obtain the target seeding density per cm2). Slices were selected in a way
28 that resulted in 
an even distribution of slices from the different parts of the animal legs (left, right, top, 
middle, bottom) between the three different inoculation levels and five different storage times. 
Each slice was placed inside an oxygen impermeable (50 ml/m
2/24 h/1 Atm/23 °C) barrier 
bag (Cryovac NZ, Porirua, New Zealand). One frozen gelatine capsule containing a dose of 
L. sakei cocktail was then placed on the meat surface and the ensemble (bag, slice and 
capsule) was vacuum-packaged before the capsule contents had time to thaw and soften the 
gelatine liner. After packaging, packs were massaged to ensure the contents had been 
liberated and distributed over the meat surface. One frozen capsule from each seeding level 
was retained for analysis to establish initial seeding levels. This was performed by 
homogenizing each capsule in 50 ml cold MRD, plating serial dilutions onto selective agar 
and counting typical colonies after 96 h incubation at 25 °C. 
The 90 vacuum-packaged seeded samples were stored at -1.5 oc and representative packs 
sampled after 6, 8, 10, 12 and 14 weeks. 
28 Refer to Appendix 3, 4.1A 
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2.2. Microbial and chemical analysis 
2.2.1 Materials 
- refer to Appendix 1 for frequently used reagents and media. 
2.2.2 Methods 
I. Sampling 
After storage, packs were visually examined for obvious indications of spoilage (e.g., colour 
changes and bubble formation). Each pack was then opened and the amount of free drip 
measured by decanting into a measuring cylinder. A 1 ml portion of drip was collected from 
each pack and stored at -80 oc for chemical analysis. A meat sample of approximately 24 cm2 
surface area ( ~ 10 cm3 volume) was then removed from each piece of stored meat using a 
sterile borer. Excised samples were homogenized for 2 min in 90 ml MRD using a stomacher 
(Seward, Sussex, UK) and Whirl-Pak™ filter bags (Nasco, Fort Atkinson, Wl). Samples of 
homogenate were removed for immediate bacterial analysis as well as for storage at -80 oc 
for later analyses. A small portion of the remaining meat sample was removed from a site 
adjacent to the excision sampling site and used for surface pH measurement. After a cursory 
evaluation of the raw meat odour for obvious signs of spoilage (e.g., fruity, putrid or sour 
smells) the remaining meat sample was used for sensory evaluation of the cooked product. 
11. Microbial analysis using selective media 
For bacterial analysis, filtrates were serially diluted in MRD. General anaerobic bacteria 
populations and presumptive LAB populations were assessed by plating serially-diluted 
filtrate onto Plate Count Agar and MRS agar respectively followed by anaerobic incubation at 
25 oc for 72 h and counting colonies. Enterobacteriaceae populations were assessed by 
plating serially-diluted filtrate onto Enterobacteriaceae Petrifilm (3M, St Paul, MN, USA) and 
counting typical colonies after 24 h incubation at 30 oc. Seed L. sakei populations were 
assessed by plating serially-diluted filtrate onto MRS-srnX agar (for smr L. sakei 63 
populations) and MRS-rifX agar (for rif L. sakei 27 and 44 populations) followed by aerobic 
incubation at 25 oc for 96 h and counting colonies. Blue-green colonies on MRS-smX plates 
were counted as presumptive smr L. sakei 63. Blue colonies on MRS-rifX plates were counted 
as presumptive rif L. sakei 27 and white colonies as presumptive rif L. sakei 44. Colonies 
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picked from each selective medium were confirmed as L. sakei strains using 16S rDNA 
sequencing described in Chapter 2. 
Ill. Evaluation of fermentation end-products and pH 
Ether extracts of thawed drip samples were prepared for volatile fatty acid and ethanol 
analysis. Methyl esters were prepared for non-volatile fatty acid analysis according to the 
method of Holdeman, Cato et al. (1977). For each extract, 1.0 111 was analysed on a Hewlett 
Packard 5890/11 Gas Chromatograph (GC) equipped with a 30 m x 0.53 mm, 1.0 11m FFAP 
capillary column (J&W Scientific, Folsom, CA, USA), a flame ionisation detector (FID) and 
a Hewlett Packard model 7673 automatic sampler. GC parameters used were: column head 
pressure, 47.4 kPa; split vent flow of helium carrier gas, 50 ml min-1; column flow measured 
at 60 oc, 9.9 ml min-1 resultant split ratio, 5:1; split/splitless injector and FID detector 
temperature, 260 oc. Run conditions used were: initial temperature 60 oc held for 2 min, 
raised to 180 oc at a rate of 5 oc min and then raised to a final temperature of 240 oc at a rate 
of 20 oc min-1 and held for 2 min. Peaks were automatically integrated (Chemstation v.5.2) 
and fatty acids were identified and quantified against retention times and peak areas of known 
standards (Volatile Free Acid Mix, Sigma). Results of duplicate experiments were recorded as 
a concentration range for a product. Surface pH was measured on each meat sample using a 
Meterlab PHM210 pH meter (Radiometer, Copenhagen, DK) fitted with a Gelplas flat probe 
(BDH, Poole, UK). 
2.3. Sensory evaluation 
2.3.1 Materials 
- refer to Appendix 1 for frequently used reagents and media. 
2.3.2 Methods 
I. Preliminary assessment of un-cooked product 
After storage, packs were examined both before and after opening for obvious signs of 
spoilage such as colour changes, bubble formation, and mal-odours. Samples considered fit 
for consumption were then used for sensory evaluation. 
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11. Sensory evaluation of cooked product 
Four consumer tests were carried out in this study; after lamb samples had been stored for 6, 
8, 10 and 12 weeks at -1.5 oc (week 14 samples were not considered fit for consumption due 
to obvious signs of spoilage). On the day of each consumer test meat samples were oven 
roasted in a conventional oven at 150 oc to an end temperature of 75 oc measured with a 
digital thermocouple inserted to the centre of each sample. After cooking, meat samples were 
rested for a few minutes and then cut and served to the consumers. Meat samples were cooked 
in batches to fit with each of the six tasting sessions during the day. 
Thirty-six consumers in six different tasting sessions were used to evaluate the samples. All 
assessments were carried out in a sensory laboratory located at AgResearch MIRINZ, with 
separate booths and under normal white light (ISO 8589, 1988i9. Each sample given to the 
consumers consisted of two slices of meat placed in a plastic cup with lid numbered with a 
randomised three-digit number. Consumers were served samples from the three treatments 
(viz, low level of L. sakei inoculation, high level of L. sakei inoculation, non-treated sample) 
in a randomised order and were asked to complete a questionnaire evaluating the following 
attributes: smell, acid flavour, rancid flavour and overall liking. Panellists completed the 
questionnaire using an unstructured continuous line scale from 0 (low intensity/dislike 
extremely) to 15 (high intensity/like extremely). 
2.4. Statistical analysis 
Statistical analyses were carried out usmg the REML (Residual Maximum Likelihood) 
directive of GenStat for Windows (11th Edn. 2008, version 11.1.0.1575, VSN International 
Ltd., Hemel Hempstead, UK.). Bacterial populations and fermentation end-product data were 
log-transformed for analysis, but sensory scores were analysed on the untransformed scale. 
The effect of individual treatments was determined after balancing data for the influence of 
storage time and the site of sample origin (viz, top, middle or bottom of boned leg). 
29 
International Organisation for Standardisation, ISO 8589. (1988). Sensory analysis- General guidance for the 
design oftest rooms. ISO 8589:1988 (E). Geneve, Switzerland: ISO. 
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3. Results 
- refer to Appendix 3, 4. for individual sample data 
3.1. Microbial development during storage 
3 .1.1 General microbial populations 
Between 6 and 14 weeks storage at -1.5 °C, mean anaerobic populations in vacuum packs of 
chilled lamb ranged between 3.7 and 7.1 log cfu cm-
2 for control packs (Fig. 4.2a), between 
6.2 and 8.0 log cfu cm-2 for packs inoculated with a low level of each strain of L. sakei (Fig. 
4.2b) and between 6.8 and 8.3 log cfu cm-
2 for packs inoculated with a high level (Fig. 4.2c). 
For control packs, presumptive LAB populations composed approximately 10% of the 
anaerobic populations for packs stored for 6, 8 and 10 weeks (Fig. 4.2a) and smaller 
components at 12 and 14 weeks storage. In contrast, mean presumptive LAB populations 
represented majority components of anaerobic populations at each sampling time for packs 
seeded with either low or high levels of L. sakei (Figs. 4.2b and c). 
Mean Enterobacteriaceae populations ranged between< 2.0 and 5.3 log cfu cm-
2 for control 
packs stored for 6 weeks and 14 weeks respectively. Mean Enterobacteriaceae populations 
ranged between < 2.0 and 4.0 cfu cm-
2 and between <2.0 and 3.6 cfu cm-2 for packs seeded 
with low and high levels of L. sakei respectively. Enterobacteriaceae populations for control 
packs were not different to packs inoculated with either level of L. sakei (p <0.05). 
3.1.2 L. sakei seed populations 
Optically adjusted and diluted seed strain concentrations prior to freezing were determined to 
be 5.8 x 107 cfu mr1, 3.1 x 106 cfu mr1
 and 7.8 x 106 cfu ml-1 for antibiotic resistant strains of 
L. sakei 27, 44 and 63 respectively, representing a ratio of 85:4:11 when equal volumes were 
mixed for freezing in capsules. Analysis of frozen capsules used for the initial seeding step 
(week 0) showed a reduction of viability after freezing ranging from 59% (L. sakei 44) to 70% 
(L. sakei 63). Samples inoculated with a low level of each L. sakei strain therefore received 
1.7, 0.5 and 1.2 log cfu cm-2 (50, 4 and 16 cfu cm-
2
) of antibiotic resistant L. sakei strains 27, 
44 and 63 respectively. Similarly, samples inoculated with a high level of each L. sakei strain 
received 3.7, 2.5 and 3.2log cfu cm
2 (5700, 370 and 1740 cfu cm-2) respectively (Appendix 3, 
4.1B). Seed inocula were therefore comprised of approximately 71% rif L. sakei 27; 6% rif 
L. sakei 44; and 23% smr L. sakei 63. 
107 
Fig. 4.2 (seeP 110) 
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(c) inoculated with a high level of a three-strain L. sakei cocktail 
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Figure 4.2 Development of microbial populations on lamb stored for 14 weeks 
Microbial growth data for vacuum-packaged lamb stored for up to 14 weeks at -1.5 oc either 
without inoculation (a) or after inoculation to 30 cfu cm-2 (b) or 3000 cfu cm-2 (c) with each of 
streptomycin resistant L. sakei 63, rifampicin resistant L. sakei 27 and rifampicin resistant 
L. sakei 44. Mean counts are presented for the total inoculated L. sakei population (iL. sakei, 
light green bars) comprised of the three L. sakei strains as indicated by pie charts. Counts are 
also presented for presumptive LAB (diagonal dark green bars), anaerobic (blue bars) and 
Enterobacteriaceae (pink bars) populations. Vertical lines represent standard deviations (n=6) 
associated with each data set except for iL. sakei which is comprised of multiple sets of data30. 
Surface pH values ( •) are also presented for comparison (d). 
30 Refer to Appendix 3, 4.1B for individual strain data. 
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Between week 6 and 14 storage, L. sakei populations originating from inoculated strains 
(iL.sakei) represented majority components of the presumptive LAB and anaerobic 
populations (Figs. 4.2b and c). Mean iL. sakei populations were composed of between 63-
93% rif' L. sakei 27, 5-34% rif' L. sakei 44 and 1-5% smr L. sakei 63 (Figs. 4.2b and c). LAB 
inocula strains were not detected in control packs. 
L. sakei 27, 44 and 63 developed into major populations during storage 
for packs inoculated at high or low levels. 
For individual inoculation strains (see Appendix 3, 4.1B for details), mean smr L. sakei 63 
populations in packs inoculated at low levels ranged between 4.7 and 6.4log cfu cm-
2 at week 
6 and 14 respectively. Mean smr L. sakei 63 populations in packs inoculated at high levels 
ranged between 5.4 and 6.4 log cfu cm-2 for the same sampling intervals. Similarly, mean rif' 
L. sakei 27 and 44 numbers in packs inoculated at low levels increased from 6.1 and 5.0 log 
cfu cm-2 respectively at week 6 storage to 7.8 and 7.2 log cfu cm-
2 at week 14 storage. Mean 
rif' L. sakei 27 and 44 numbers in packs inoculated at high levels increased from 6.8 and 5.5 
log cfu cm-2 respectively at week 6 storage to 8.2 and 7.2log cfu cm-
2 at week 14 storage. 
3.2. pH and spoilage products 
3.2.1 12H 
During storage at -1.5 °C, mean meat surface pH values for control samples decreased from 
6.3 at week 6 to 6.0 at week 10. After week 10, mean pH values increased slightly to 6.1 at 
week 14 (Fig. 4.2a). A similar trend was observed for inoculated samples (Figs. 4.2b and c) 
except that for all sampling times mean pH values were lower (p <0.001) for samples 
inoculated with low and high levels of L. sakei (range: 6.2 - 5.8 and 6.1 - 5.8 respectively 
(Fig. 4.2d). 
Treated samples had lower surface pH values after storage than non-
treated samples. 
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3.2.2 Lactic, acetic, and other small acids 
Lactic acid was the most abundant molecule measured in drip samples (Fig. 4.3a). Between 6 
and 14 weeks storage at -1.5 °C, mean lactic acid levels in drip collected from control packs 
ranged between 16000 and 144000 ng cm-2 meat surface for week 6 and week 12 samples 
respectively. For samples inoculated with low numbers of L. sakei, lactic acid levels ranged 
between 29000 and 101000 ng cm-2 (Fig. 4.3b). For samples inoculated with high numbers of 
L. sakei, lactic acid levels ranged between 56000 and 126000 ng cm-2 (Fig. 4.3c). For all 
treatments, lactic acid levels were strongly associated with the origin of the sample (i.e., top, 
middle or bottom of the boned leg) with higher levels recorded for middle (p <0.001). After 
balancing the data for sample origin it was observed that for all samples lactic acid levels 
increased with storage time (p <0.05). After balancing the data for storage time, there 
remained a trend for lactic acid levels to increase with increasing levels of L. sakei inoculation 
(p <0.05). 
Higher levels of lactic acid and acetic acid were associated with packs 
inoculated with L. sakei compared to un-inoculated packs. 
Acetic acid was the third most abundant molecule measured in drip samples (after lactic and 
succinic acids) and the most abundant volatile acid measured. Between 6 and 14 weeks 
storage, mean acetic acid levels in control packs ranged between 360 and 4200 ng cm-2 meat 
surface for week 6 and week 12 samples respectively (Fig. 4.3a). For samples inoculated with 
low numbers of L. sakei, acetic acid levels ranged between 660 and 7800 ng cm-2 (Fig. 4.3b ). 
For samples inoculated with high numbers of L. sakei, acetic acid levels ranged between 2700 
and 8700 ng cm-2 (Fig. 4.3c ). As also observed for lactic acid, acetic acid levels were 
associated with sample origin (p <0.001) and storage time (p <0.001). After balancing the 
data for these two variables there remained a strong trend for acetic acid levels to increase 
with increasing inoculation levels of L. sakei (p <0.001). 
Pyruvic acid was detected in lower amounts than either lactic acid or acetic acid in all 
samples. Between 6 and 14 weeks storage, mean pyruvic acid levels in control packs 
increased from 6 to 62 ng cm-2 of meat surface for week 6 and week 12 samples respectively 
(Fig. 4.3a), compared to from 20 to 234 ng cm-2 for low levels of L. sakei inoculation and 
from 61 to 154 ng cm-2 for high levels. Pyruvic acid levels also varied for both site of sample 
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(b) inoculated with a low level of a three-strain L. sakei cocktail 
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(c) inoculated with a high level of a three-strain L. sakei cocktail 
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Figure 4.3 Organic acids and alcohols in drip from lamb stored for 14 weeks 
Acid and alcohol levels in drip collected from vacuum-packaged lamb stored for up to 14 
weeks at -1.5 oc either without inoculation (a) or after inoculation to 30 cfu cm-2 (b) or 3000 
cfu cm-2 (c) with each of streptomycin resistant L. sakei 63, rifampicin resistant L. sakei 27 
and rifampicin resistant L. sakei 44. Levels are presented as ng per cm2 meat surface. 
Individual acids and alcohols are colour coded according to the presented key. Vertical lines 
represent standard deviations associated with each data set. 
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origin (p <0.05) and storage time (p <0.001). After balancing data for these two variables 
there remained a strong trend for pyruvic acid levels to increase with increasing inoculation 
levels of L. sakei (p <0.001). 
Propionic (propanoic) acid was measured in lower amounts than lactic or acetic acid in all 
samples. Between 6 and 14 weeks storage, mean propionic acid levels in control packs 
increased from 10 to 64 ng cm-2 meat surface for week 6 and week 12 samples respectively 
(Fig. 4.3a). As with other small acids, propionic acid levels were associated with sample 
origin (p <0.001) and storage time (p <0.001). After balancing data for these two variables 
there remained a strong trend for propionic acid to increase with increasing inoculation levels 
of L. sakei (p <0.001). Propionic acid levels ranged between 23 and 62 ng cm-2 during storage 
for samples inoculated with high numbers of L. sakei. 
Other small acids were either not detected or detected in small amounts in a small number of 
samples. 
3.2.3 Fatty acids 
Succinic acid was the second most abundant molecule measured in drip samples (after lactic 
acid) and the most abundant fatty acid. Between 6 and 14 weeks storage, mean succinic acid 
levels in control packs ranged between 690 and 11500 ng cm-2 for week 6 and week 12 
samples respectively (Fig. 4.3a). For samples inoculated with low numbers of L. sakei, 
succinic acid levels ranged between 1460 and 6720 ng cm-2 (Fig. 4.3b). For samples 
inoculated with high numbers of L. sakei, succinic acid levels ranged between 3240 and 8020 
ng cm-2 (Fig. 4.3c). Succinic acid levels varied in relation to the sample origin (p <0.001) and 
storage time (p <0.05). After balancing for both variables there remained a weak trend for 
succinic acid levels to increase with increasing levels of L. sakei inoculation (p = 0.047). 
Fumaric acid was the second most abundant fatty acid measured in drip. Between 6 and 14 
weeks storage, mean fumaric acid levels in control packs ranged between 112 and 132 ng 
cm-2 meat surface for week 6 and week 12 samples respectively (Fig. 4.3a). Fumaric acid 
levels were not related to either the site of sample origin or the storage time but did tend to 
decrease with increasing levels of L. sakei inoculation (p <0.05) (Figs. 4.3a-c). 
Mean butanoic (butyric) acid levels in control packs ranged between 35 and 253 ng cm-2 for 
week 6 and week 12 samples respectively (Fig. 4.3a). As with most of the acids evaluated, 
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butanoic acid levels were associated with both the site of sample origin and storage time 
(p <0.001). However, butanoic acid levels were not related to L. sakei inoculation levels 
(p <0.05) (Figs. 4.3a-c). 
Oxaloacetic acid was detected in most samples in concentrations similar (ranging from 34 to 
373 ng cm-2 for all samples) to those observed for butanoic acid. After balancing for sample 
site origin and storage time, oxaloacetic acid levels were observed to increase with increasing 
L. sakei inoculation level (p <0.001) (Figs. 4.3a-c). 
A range of minor fatty acids were also detected in small quantities in some samples. 
3.2.4 Alcohols 
Ethanol was the most abundant alcohol measured in drip samples. Mean ethanol levels in drip 
collected from control packs ranged between 15 and 1900 ng cm-2 for week 6 and week 12 
samples respectively (Fig. 4.3a). For samples inoculated with low numbers of L. sakei, 
ethanol levels ranged between 20 and 6860 ng cm-2 (Fig. 4.3b ). For samples inoculated with 
high numbers of L. sakei, ethanol levels ranged between 52 and 560 ng cm-2 (Fig. 4.3c). 
Ethanol levels did not vary in respect to the site of sample origin but did tend to increase in all 
samples during storage (p < 0.05). However, there was no relationship between ethanol level 
and the level of L. sakei inoculation. 
Ethanol, propanol and butanol levels were not different in packs 
inoculated with L. sakei compared to un-inoculated packs. 
Compared to ethanol, propanol and butanol were detected at low levels across most samples. 
Levels of propanol and butanol were not different for different inoculation levels of L. sakei 
(p < 0.05) (Figs. 4.3a-c). 
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3.3. Sensory evaluation 
3.3 .1 Condition of product prior to cooking 
At the time of opening, all packs showed no obvious signs of spoilage and retained good 
vacuum seals (Appendix 3, 4.1B). After opening, most packs appeared and smelled 
acceptable with some packs having sour odours. Several packs also had slight fruity, putrid 
and fishy odours. Packs sampled at week 14 storage had stronger spoilage odours and 
consequently were not used for sensory panel evaluation. 
3.3.2 Acceptance of cooked product by sensory panel 
I. Smell 
On a scale of 0 (dislike intensely) to 15 (like intensely) mean smell (odour) scores31 for 
control samples stored between 6 and 12 weeks ranged between 7.5 and 8.8 for week 6 and 8 
samples respectively (Fig. 4.4a). For samples inoculated with a low level of L. sakei, scores 
ranged between 8.3 and 8.6 for week 12 and 6 samples respectively. For product inoculated 
with a high level of L. sakei, scores ranged between 6.6 and 9.5 for week 12 and 10 samples 
respectively. For individual samples, smell acceptability scores were influenced by the site of 
sample origin but not for the storage time. After balancing data, mean smell acceptability 
scores for samples from packs inoculated with either low or high levels of L. sakei were not 
lower for treated packs than for control packs (p <0.05). 
II. Acid taste 
Sensory scores for smell, acidity, rancidity and overall liking were no 
lower for treated samples than for untreated samples. 
On a scale of 0 (no acid taste) to 15 (intense acid taste) mean sensory panel scores for control 
samples stored between 6 and 12 weeks ranged between 3.2 and 5.4 for week 6 and 12 
samples respectively (Fig. 4.4b ). For samples from packs inoculated with a low level of 
L. sakei, scores ranged between 2.9 and 5.1 for week 6 and 12 samples respectively. For 
samples from packs inoculated with a high level of L. sakei, scores ranged between 3.2 and 
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Sensory evaluation by a consumer panel of vacuum-packaged lamb stored for up to 12 weeks 
at -1.5 oc either without inoculation (Nil) or after inoculation to 30 cfu cm-2 (Lo) or 3000 cfu 
cm-2 (Hi) with each of streptomycin resistant L. sakei 63, rifampicin resistant L. sakei 27 and 
rifampicin resistant L. sakei 44. Mean scores are presented on a scale of 0-15 for odour (a), 
acid flavour (b), rancid flavour (c) and overall liking (Fig. 4.4d). The higher the value, the 
stronger the acid or rancid flavours detected or the more the panelists preferred the odour or 
the product overall. 
120 
4.4 for week 6 and 12 samples respectively. Overall, after balancing for positional effects, 
there was a general tendency for acidity to increase with storage time. For individual 
sampling times, mean acidity scores for packs inoculated with either low or high levels of 
L. sakei were not higher than for control packs (p <0.05). 
Ill. Rancid flavours 
On a scale of 0 (no rancid flavour) to 15 (intense rancid flavours) mean sensory panel scores 
for control samples stored between 6 and 12 weeks ranged between 2.6 and 4.6 for week 8 
and 12 samples respectively (Fig. 4.4c). For samples inoculated with a low level of L. sakei, 
mean scores ranged between 2.3 and 4.2 for week 6 and 12 samples respectively. For samples 
from packs inoculated with a high level of L. sakei, scores ranged between 2.5 and 3.6 for 
week 10 and 12 samples respectively. Rancidity scores tended to increase for all samples with 
storage time but were not influenced by the site of sample origin. For individual sampling 
times, mean rancidity scores for packs inoculated with either low or high levels of L. sakei 
were not higher than for control packs (p <0.05). 
IV. Overallliking 
On a scale of 0 (dislike extremely) to 15 (like extremely) mean sensory panel scores for the 
overall liking of control product stored between 6 and 12 weeks ranged between 7.9 and 9.5 
for week 12 and 8 samples respectively (Fig. 4.4d). For samples from packs inoculated with a 
low level of L. sakei, scores ranged between 8.2 and 9.0 for week 12 and 10 samples 
respectively. For samples from packs inoculated with a high level of L. sakei, scores ranged 
between 8.5 and 9.5 for week 12 and 10 products respectively. Overall liking scores were 
influenced by the site of sample origin. After balancing for this effect, mean overall liking 
scores for packs inoculated with either low or high levels of L. sakei were not lower than 
control packs (p <0.05). 
4. Discussion 
In this study lamb samples were inoculated with a cocktail of three L. sakei strains each 
shown previously to be capable of growing on stored meat (lamb and/or beef) and inhibiting 
particular target bacteria. As observed previously (see Chapter 3.2), presumptive LAB 
numbers on stored un-inoculated meat were a fraction of the anaerobic counts, reflecting the 
probable presence of LAB strains, such as the acetate-sensitive carnobacteria, unable to grow 
on MRS agar. 
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When inoculated as a cocktail (at either a low or high level) each of the three L. sakei strains 
developed into major components of the micro-flora. This supports previous observations 
(Chapter 3.2) and demonstrates that the three L. sakei strains can grow in the presence of each 
other. Ri:f L. sakei 27 formed a consistently larger component of the iL.sakei population than 
either ri:f L. sakei 44 or smr L. sakei 63. This dominance reflects the ratios that each strain 
formed in the frozen capsules and in the diluted suspensions of each strain before mixing and 
freezing. The larger numbers of L. sakei 27 are therefore the result of variation in the original 
optical adjustment and dilution procedures that aimed to deliver similar numbers of each 
L. sakei strain to the meat surface. Notwithstanding, it was observed in cross-checking 
experiments using the agar-stab overlay assay (see Appendix 3, 4.2) that when Todd-Hewitt 
agar was used as a growth medium L. sakei 44 was inhibited by both L. sakei 27 and L. sakei 
63; and L. sakei 63 was inhibited by L. sakei 27. In contrast, L. sakei 27 was not inhibited by 
either L. sakei 44 or L. sakei 63. Well diffusion experiments (results not shown here) 
indicated that the inhibitory substances involved were sensitive to protease treatment but 
resistant to heat treatments. This is suggestive of activity by one or more types of Class 11 
bacteriocin known to be produced by some strains of L. sakei that are inhibitory towards other 
strains of L. sakei (Simon et al. 2002; Mathiesen et al. 2005). However, the production of 
inhibitory substances by L. sakei strains on packaged lamb during storage (if indeed it did 
occur) did not appear to contribute to differences in numbers observed between respective 
seed strains. 
Major iL. sakei populations developed in packs inoculated with either the lower or higher 
level of L. sakei cocktail. This indicates that for a chilled lamb bio-preservation tool an initial 
inoculation level as low as 30 cfu cm2 for each L. sakei strain is sufficient to develop an 
enduring protective flora during storage. 
Inoculation with L. sakei had the overall effect of reducing pH at the meat surface. This is a 
useful property for bio-preservation because lower pH values are less likely to support the 
growth of such spoilage bacteria as B. thermosphacta and Enterobacteriaceae (Grau 1980; 
Borch et al. 1996). Nevertheless, the development of iL. sakei populations was not observed 
to be associated with lower levels of the endogenous Enterobacteriaceae populations observed 
during the present study. However, the present observations were based on small numbers of 
Enterobacteriaceae of unknown composition and the large amount of variation in individual 
population sizes did not permit a rigorous examination of population decline to be made with 
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the present data. Further work using inoculated defined Enterobacteriaceae would be useful in 
determining if specific Enterobacteriaceae species associated with meat spoilage can be 
inhibited. 
Seventeen organic acids were evaluated during this study. A proportion of these are known to 
be strongly associated with meat spoilage and the methodology used to detect and quantify 
them also allowed the simultaneous collection of data for a wider range of acids. Levels for 
most acids tested as well as most sensory characteristics and pH tended to correlate with the 
site of sample origin. Reasons for this association are not clear from the data. However where 
there were associations, samples taken from the middle slice of the boned leg were often 
higher for most acid levels than either the top or bottom slices. Differences in pH might be 
related to the different muscles associated with each sample site. Similarly, higher levels of 
organic acids in middle-section samples might be related to the muscles involved as well as 
the greater area of cut surfaces at the middle site, which might allow greater leakage of cell 
contents. Whatever the reasons may be, this observation highlights the importance of 
standardising the mix of samples in the experimental design and using a statistical approach 
that can deal with unexpected biases. 
Lactic acid, acetic acid and ethanol are major end-products of growth by LAB in low oxygen 
environments such as vacuum packaged meat. Higher levels are associated with higher 
bacterial numbers and high lactic acid levels can correlate with sensory rejection for odour. 
High ethanol levels have also been associated with reduced sensory appeal (Borch et al. 1996; 
Dainty 1996). In the present study, ethanol levels were not found to be higher for samples 
inoculated with L. sakei than for un-inoculated samples. It can therefore be concluded that the 
spoilage potential due to ethanol formation is no higher for inoculated samples than for un-
inoculated samples. On the other hand, lactic and acetic acids accumulated to higher levels in 
packs inoculated with higher levels of L. sakei and levels increased in step with increasing 
bacterial counts generally. Nevertheless, although intensity scores for acid taste and rancidity 
tended to increase over storage time for all samples, at no time were samples containing high 
levels of the L. sakei inoculation strains any less acceptable to consumers compared to un-
inoculated samples. This reflects similar observations made for L. sakei by Vermeiren, 
Devlieghere et al. (2006a) and indicates that, from a sensory viewpoint at least, inoculating 
lamb with L. sakei strains 27, 44 and 63 is not likely to result in stored product that is inferior 
to that currently produced without microbial interventions. 
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Butanoic acid, propionic acid, propanol and butanol have been associated with a range of 
spoilage attributes including dairy-like flavours and odours (Dainty et al. 1979; Dainty 1996). 
All four molecules were detected in samples during the present study. However, with the 
exception of propionic acid, levels were no higher for samples inoculated with L. sakei than 
for un-inoculated samples. In the absence of contrary sensory data, it can therefore be 
concluded that the spoilage potential for inoculated samples is no higher than for un-
inoculated strains. The genesis of these four molecules is not clear because L. sakei is a 
facultatively homofermentative organism not known to generate significant quantities of fatty 
acids or non-ethanol alcohols (De Vuyst and Vandamme 1994a). Possibly the meat itself is 
involved because during storage meat enzymes can produce a range of non-branched acids 
(Dainty et al. 1979). 
Little information exists about the role, if any, that fumaric, succinic, pyruvic and oxaloacetic 
acids play in meat spoilage. All four species were detected in samples during the present 
study and levels were generally not different between inoculated and un-inoculated samples. 
LAB are not known to generate significant quantities of these molecules so their genesis is 
unclear. Except for fumaric acid, these acids were all observed to be more prevalent in the 
middle leg sample site. This site had a greater cut surface area than either the top or bottom 
site, so one could perhaps speculate that some of these acids may have originated from the 
meat tissue itself. 
Spoilage products such as biogenic amines were not evaluated in this study. While the 
decarboxylation of amino acids into products such as cadaverine and putrescine can be 
microbially mediated (Jay 1992) the sensory results obtained in the present study indicate that 
the L. sakei strains evaluated do not generate spoilage factors more so than those generated by 
background micro-flora on un-inoculated lamb. 
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CHAPTER FIVE 
Summary and Conclusions 
The overall aim of the project was to identify LAB isolated from New Zealand meat-related 
environments that when inoculated onto fresh meat inhibited bacteria of concern during 
chilled storage. Several such LAB were identified and described. In particular, three L. sakei 
strains were described that did not negatively impact on sensory acceptance of cooked lamb. 
Product development possibilities, potential hurdles and recommendations for further 
research are discussed. 
Overall aim of the research 
New Zealand is a major supplier of fresh meat to world markets and the income generated by 
exporting companies provides a significant proportion of the country's wealth. Packaged meat 
naturally contains low levels of environmentally-sourced bacteria that can include potential 
spoilers and pathogens. The long storage and transport periods involved in shipping product 
to New Zealand's distant markets offers an opportunity for bacterial populations to develop 
sufficiently to impact on product quality and/or access to particular markets. 'Bio-
preservation' has the potential to address this risk by utilizing the inhibitory properties of 
certain LAB that naturally grow on stored meat. However, bio-preservation is a relatively new 
approach to fresh meat preservation and as yet products designed for chill-stored meat are not 
readily available. For preserving New Zealand meat products (mostly lamb and beef) bio-
preservation techniques might ideally be developed using indigenous LAB strains sourced 
from naturally seeded New Zealand meat itself. The aim of this project was to isolate such 
strains and to sufficiently characterize them to give confidence that when applied to fresh 
meat specific target bacteria will be inhibited during subsequent storage without impacting 
negatively on the overall quality of the meat product. This work focused on identifying 
potentially useful strains first by screening for inhibitory activities using conventional 
laboratory methods. Selected strains were then evaluated for activity in the stored meat 
environment and sensory evaluation was performed to determine if the inhibitory strains 
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CHAPITRE CINQ 
Resume et conclusions 
L'objectif global du projet etait d'identifier des souches de bacteries lactiques (LAB) isolees de 
produits carnes neo-zelandais et qui, une fois inoculees dans de la viande, limiteraient la croissance 
de bacteries pathogenes et/ou d'alteration lors de la refrigeration. Plusieurs de ces souches ant ete 
identifiees et caracterisees. En particulier, trois souches de L. sakei potentiellement bio-conservatrices 
qui n'ont pas d'impact negatif sur l'acceptation sensorielle de l'agneau cuit ont ete identifiees. Les 
possibilites de developpement du produit, les obstacles potentiels et des recommandations pour de 
plus amples recherches sont discutes. 
Objectif general de l'etude 
La Nouvelle-Zelande est l'un des principaux foumisseurs de viande fraiche sur les marches mondiaux, 
et les revenus generes par ses entreprises exportatrices occupent une place importante dans la sante 
economique du pays. Les viandes emballees contiennent naturellement un faible taux de bacteries de 
source environnementale, parmi lesquelles peuvent se trouver des agents pathogenes et/ou d'alteration 
potentiels. Les longues periodes de stockage dues au transport du produit vers les marches eloignes de 
la Nouvelle-zelande laissent aux populations bacteriennes la possibilite de se developper 
suffisamment pour affecter la qualite des produits, limitant par consequent l'acces a des marches 
distants. La "bio-conservation" a le potentiel de faire face a ce risque en utilisant les proprietes 
inhibitrices de certaines LAB qui se developpent naturellement sur les viandes stockees. Cette 
approche est toutefois relativement nouvelle pour la conservation des viandes fraiches, et de tels 
produits, cow;us pour des viandes stockees a basse temperature ne sont pas encore disponibles. Pour la 
conservation de produits carnes neo-zelandais (majoritairement breuf et agneau) les techniques de bio-
conservation pourraient idealement etre developpees en utilisant des souches de LAB naturellement 
presentes dans les viandes neo-zelandaises. L'objectif de ce projet etait d'isoler de telles souches et de 
les caracteriser de maniere suffisante afin de s'assurer que, apres inoculation dans de la viande fraiche, 
les agents bacteriens pathogenes et/ou d'alteration cibles seraient inhibes durant le stockage, reduisant 
a zero l'impact sur la qualite globale du produit came. Ces travaux ont porte dans un premier temps sur 
!'identification de souches de LAB potentiellement utiles, par un criblage base sur la detection des 
activites inhibitrices en milieu gelose. L'activite des souches selectionnees a ensuite ete evaluee en 
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could develop on stored meat without negatively impacting on consumer acceptance. The 
overall goal was to isolate LAB strains that could form the basis for subsequent commercial 
product development. 
New information arising from the research 
A collection of New Zealand LAB was screened for inhibitory activities against a range of 
bacteria of concern to the meat industry using simple agar-based assays. Approximately one 
quarter of the nearly 200 LAB strains evaluated showed at least a small amount of inhibition 
to at least one target strain; and eight strains were chosen for further study that showed strong 
and consistent inhibition. The finding that a large number of LAB had at least some inhibitory 
activity is not in itself surprising because the literature contains many reports of LAB with 
inhibitory activity against food bacteria. In particular, the inhibition of L. monocytogenes by 
various strains of Le. lactis has been widely reported due in part to the importance of both 
species to the dairy industry. However, reports of meat-adapted LAB that inhibit pathogens 
and spoilage bacteria of relevance to the fresh meat industry are scant, especially with respect 
to non-listeria! target species. The demonstration using laboratory screening methods of meat-
adapted LAB strains with activity against L. monocytogenes, B. thermosphacta, C. jejuni and 
Cl. estertheticum therefore provides new and novel information (Jones et al. 2008). The 
demonstration that several inhibitory LAB strains identified using media-based methods can 
also inhibit target bacteria or delay the accumulation of spoilage products on stored meat 
(Jones et al. 2009) adds further to the pool of new information available to the wider research 
community as well as providing preliminary characterisations of LAB strains having 
commercial bio-preservation significance. Of particular interest are the three inhibitory New 
Zealand L. sakei strains (27, 44 and 63) that were shown to be also capable of flourishing on 
stored lamb without detracting from its sensory qualities. 
In addition to identifying LAB strains with obvious bio-preservation potential, several more 
oblique observations were made during the course of these studies that may be of use in future 
studies. Firstly, although L. sakei 23K possesses putative genes associated with 
hypothiocyanate production (Chaillou et al. 2005) this strain was found not to produce anti-
microbial levels of extra-cellular hypothiocyanate when tested using the laboratory conditions 
described. These findings will be of assistance to investigators in the continuing study of how 
L. sakei strains might be manipulated to produce inhibitory levels of hypothiocyanate. Such 
studies might explore the use of alternative environmental conditions (meat or non-meat-
based) to those adopted in the present study. For example, L. sakei 23K did not grow on 
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conditions de stockage de la viande. Parallelement, un panel de degustation a ete effectue pour 
determiner si le developpement des bacteries inhibitrices sur des viandes stockees nuirait a la 
perception du consommateur. L'objectif global etait d'isoler les souches de LAB qui pourraient former 
une base pour le developpement de produits bio-conservateurs commerciaux. 
Informations issues de cette etude 
Une collection neo-zelandaise de LAB de differentes especes a ete criblee sur milieu gelose pour leurs 
activites inhibitrices envers des bacteries pathogenes et/ou d'alteration. Environ un quart des 200 
isolats testes etaient capables d'inhiber faiblement au moins un des agents pathogenes et/ou 
d'alteration. Huit souches appartenant a differentes especes inhibaient fortement les especes cibles. Ces 
huit souches ont ete selectionnees pour des experimentations en conditions de stockage. Le fait qu'un 
grand nombre de LAB soit capable d'inhiber les agents pathogenes et/ou d'alteration est en accord avec 
les donnees de la litterature. Il existe effectivement de nombreuses etudes qui decrivent des souches de 
LAB inhibant des bacteries alimentaires. L'inhibition de L. monocytogenes par diverses souches de 
Le. lactis a notamment ete largement illustree du fait de !'importance de chacune de ces deux especes 
dans l'industrie laitiere. Les etudes portant sur les LAB adaptees a 1' environnement came et capables 
d'inhiber des bacteries pathogenes et/ou d'alteration autres que Listeria sont plus rares. De ce fait, le 
criblage en condition de laboratoire de souches de LAB adaptees a l'environnement came et capables 
de limiter le developpement de L. monocytogenes, B. thermosphacta, C. jejuni et Cl. estertheticum 
constitue un des points novateurs de cette etude (Jones et al. 2008). Nos recherches montrant que 
plusieurs souches de LAB a activite inhibitrice sur milieu de culture et en condition de stockage de la 
viande et retardant !'accumulation de produits d'alteration sur la viande (Jones et al. 2009), sont une 
contribution a !'ensemble des informations recemment mises a disposition de la communaute 
scientifique, ainsi qu'aux caracterisations preliminaires de souches de LAB presentant un interet 
commercial de bio-conservation important. Les trois souches inhibitrices neo-zelandaises de L. sakei 
(L. sakei 27, 44 et 63) sont d'un interet particulier car elles ont la capacite de se developper sur de la 
viande d'agneau sans en alterer les qualites organoleptiques. 
En plus de !'identification de souches de LAB potentiellement interessantes pour la bio-conservation 
des viandes, plusieurs autres observations issues de cette etude pourraient se reveler utiles dans le 
futur. Premierement, bien que L. sakei 23K possede des genes potentiellement associes a la production 
de l'agent anti-microbien hypothiocyanate (Chaillou et al. 2005), cette souche ne s'est pas montree 
productrice d'hypothiocyanate dans nos conditions experimentales. Ce point merite d'etre pris en 
compte dans des etudes futures sur !'utilisation de souches de L. sakei pour la production 
d'antimicrobiens. En particulier, des environnements differents (viande ou autres) de ceux employes 
dans cette etude devraient etre testes. Comme L. sakei 23K ne se developpe pas sur viande de boeuf, 
d'autres types de viande permettant la croissance de cette souche devraient etre testes pour determiner 
si cette bacterie peut etre associee a des activites inhibitrices reliees ou non a l'hypothiocyanate. 
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stored beef, so further evaluation using meat types that do support growth will be valuable in 
determining if L. sakei 23K growing on meat can be associated with inhibitory properties, 
hypothiocyanate-related or otherwise. 
Secondly, the ability of particular LAB to inhibit target bacteria was observed to sometimes 
vary depending on the strain of target bacteria used. For example, L. sakei Lb706 was more 
effective at inhibiting L. monocytogenes 11 than L. monocytogenes 18 on stored lamb (see 
Chapter 3.2.1). Such observations indicate that a range of relevant target strains may be 
required for evaluation when seeking inhibitory LAB for use in particular bio-preservation 
applications and that ultimately a cocktail of LAB strains may be required to adequately 
encompass the range of target strains expected in food products. Similarly, care will need to 
be taken when choosing LAB for particular applications. For example, L. sakei 44 was 
observed not to grow in stored beef (see Chapter 3.2.5) indicating that a cocktail of inhibitory 
LAB strains will be required for the treatment of a range of meat products. 
This project has generated a range of data supporting the view that LAB behave differently in 
different environments and therefore inhibitory activity observed using simple laboratory 
screening tests may not be detected in stored meat. Although this is a view generally shared 
by other workers, the identification of L. sakei strains that are non-inhibitory in laboratory 
tests but which are associated with reduced survival of C. jejuni on meat and delayed on-set of 
Cl. estertheticum associated pack blowing is novel and provides evidence that the opposite 
view is also true (i.e., LAB that are inhibitory in the stored meat environment may not 
necessarily be inhibitory in laboratory agar-based experiments). This information exposes a 
potential drawback of laboratory screening methods, being the risk that they might not detect 
LAB strains that could otherwise demonstrate superior inhibitory activities in stored meat. 
Approximately one quarter of LAB tested demonstrated inhibitory activity using simple 
laboratory screening assays and seven promising strains were further evaluated with 
considerable success using meat inoculation studies. It is notable that approximately 60% of 
the total number of LAB strains screened originated from sources other than stored meat, yet 
it was the smaller group of meat-derived strains that yielded the majority of the initial pool of 
inhibitory strains and all of the final seven strains chosen for further evaluation. This indicates 
that chilled meat environments contain a richer pool of useful meat bio-preservation strains 
than collections of LAB sourced from warmer and non-meat environments such as the rumen, 
even though such environments may be rich in LAB that have evolved in competition with 
different target species. 
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D' autre part, la capacite d'une bacterie lactique a inhiber un agent pathogene et/ou d'alteration peut 
varier suivant la souche pathogene et/ou d'alteration ciblee. Par exemple, la souche L. sakei Lb706 a 
montre une inhibition plus forte deL. monocytogenes 11 que deL. monocytogenes 18 en milieu carne 
(voir Chapitre 3.2.1). Une telle observation suggere que, dans un objectif de bio-conservation, 
l'activite inhibitrice d'une souche de LAB candidate devrait etre testee sur plusieurs souches de 
l'espece pathogene ou d'alteration ciblee. Cela suggere aussi qu'un cocktail de plusieurs souches de 
LAB devrait etre adequat et necessaire pour limiter efficacement le developpement de plusieurs 
souches de bacteries pathogenes et/ou d'alteration presentes dans les produits alimentaires. Une 
attention speciale doit etre portee dans le choix des souches de LAB selectionnees. Par exemple, 
L. sakei 44 ne s'est pas developpee sur viande de bceuf dans certaines conditions de stockage (voir 
Chapitre 3.2.5), suggerant qu'un cocktail de souches de LAB inhibitrices serait plus performant pour le 
traitement d'un type de produits carnes. 
Ce projet a genere des resultats etayant le fait que les LAB se comportent differemment suivant les 
environnements. Des activites inhibitrices detectees lors de simples tests de criblage en laboratoire 
peuvent ne pas etre observees dans des conditions de stockage des viandes. Bien que des observations 
similaires aient ete rapportees dans d'autres etudes, !'identification de souches de L. sakei non 
inhibitrices en conditions de laboratoire mais associees sur la viande a une reduction de la survie de 
C. jejuni ou a des delais de production de gaz d' alteration par Cl. estertheticum est nouvelle, et apporte 
la preuve que le contraire peut etre egalement vrai (c'est-a-dire des LAB qui sont inhibitrices sur 
viande, mais dont l'activite inhibitrice n'est pas forcement detectee en conditions de laboratoire sur 
milieu gelose). Cette information met en evidence la limite potentielle des tests en milieu gelose, a 
savoir le risque que ces tests puissent ne pas detecter des souches de LAB possedant pourtant une forte 
activite inhibitrice dans la viande. 
Environ un quart des souches de LAB testees ont montre une activite inhibitrice suite aux simples tests 
de criblage en laboratoire, et sept souches prometteuses ont confirme leur forte activite inhibitrice dans 
des experimentations sur de la viande inoculee. 11 est a noter que pres de 60% de I' ensemble des 
souches initialement criblees proviennent de sources autres que de la viande, mais que le petit groupe 
de LAB isolees de viande compose la majorite des souches classifiees inhibitrices apres culture sur 
milieu gelose, et compose la totalite des sept souches selectionnees pour evaluation approfondie sur 
viande. Cela indique que les viandes refrigerees contiennent un panel plus riche de souches de LAB 
interessantes pour la bio-conservation des viandes que d'autres environnements oil la temperature est 
plus elevee que celle des conditions de conservation de la viande, ou bien non composes de viande, 
tels que le rumen, meme si ces autres environnements doivent pourtant contenir des LAB qui ont 
evolue en competition avec les differentes especes cibles. 
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The results of this study have also demonstrated that two strains of Le. laetis (75 and 122), 
while demonstrating a wide range of inhibitory activities in agar-based studies, grew poorly at 
best on stored meat and were not associated with inhibition of either L. monoeytogenes or 
B. thermosphaeta. The apparent inability of Le. laetis to compete in the stored meat 
environment reflects the wider observation that obligately homofermentative LAB are much 
less represented in meat bacterial populations than either obligately heterofermentative or 
facultative LAB (Holzapfel 1998). This indicates, especially when coupled with mitigating 
effect of meat substrate components such as glutathione on the activity of inhibitory 
molecules such as nisin (Stergiou et al. 2006), a diminished meat bio-preservation potential 
for Le. laetis strains generally even though impressive inhibitory reactions can be observed 
using agar-based assays. 
Potential applications for new information arising from this research 
Several LAB have been identified that are capable of inhibiting target bacteria on stored meat 
after seeding with low numbers of LAB at the time of packaging. L. sakei Lb706 for example, 
was observed to inhibit L. monoeytogenes growth on stored lamb. Seeding meat with L. sakei 
strains 27, 44 or 63 was shown to reduce the survival of one or more of L. monoeytogenes on 
lamb, C. jejuni on beef and Cl. esterthetieum-associated gas production in beef packs. 
Because seeding lamb with a cocktail of these three L. sakei strains did not impact negatively 
on consumer acceptance of cooked product, there is potential for one or a combination of 
L. sakei strains 27, 44 and 63 to be developed into commercial bio-preservation products for 
use on chilled meat products where the growth of L. monoeytogenes, Cl. esterthetieum or the 
survival of C. jejuni represents a risk to product quality or market acceptance. The question of 
whether seeding product with these strains of L. sakei might improve sensory acceptance has 
not yet been asked (Chapter 4 addressed the question of whether seeded samples were any 
less acceptable than un-seeded samples). Some of the means associated with results described 
in Chapter 4 at first glance indicated that seeded samples might have better sensory attributes 
than un-seeded samples. However, while subsequent statistical analysis determined they were 
no worse than seeded samples mean-errors associated with the data were too high to make 
more favourable conclusions about the seeded samples. Hence, further evaluation including 
the use of a larger number of replicates would be useful. 
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Les resultats de cette etude ont egalement montre que les deux souches de Le. laetis (Le. laetis 75 et 
122), bien que fortement inhibitrices en milieu gelose, ne se developpent pas ou peu sur la viande et 
n'exercent pas d'activite inhibitrice contre L. monoeytogenes ou B. thermosphaeta. L'incapacite 
apparente de Le. laetis a concurrencer les autres bacteries en conditions de conservation de la viande 
reflete !'observation plus large que les LAB homofermentaires sont moins representees dans les 
populations bacteriennes presentes sur viande que les heterofermentaires strictes ou facultatives 
(Holzapfel 1998). Cela suggere le faible potentiel de l'espece Le. Laetis pour la bio-conservation de la 
viande; ceci est d' autant plus vrai que certains composes de la viande, comme le glutathion, reduisent 
l'activite inhibitrice de bacteriocines produites par des LAB (Stergiou et al. 2006). 
Applications potentielles 
Cette etude a permis d'identifier plusieurs souches de LAB possedant une activite inhibitrice vis-a-vis 
de bacteries pathogenes et/ou d'alteration meme inoculees a faible concentration dans la viande. La 
souche L. sakei Lb706, par exemple, a inhibe la croissance de L. monoeytogenes dans la viande 
d'agneau. L'inoculation de viande d'agneau ou de bceuf avec les souches L. sakei 27, 44 ou 63 a reduit 
la survie d'une ou de plusieurs souches deL. monoeytogenes ou C. jejuni, et a limite la production de 
gaz par Cl. esterthetieum dans les emballages de viandes de bceuf. L'inoculation de viande d'agneau 
avec un cocktail de ces trois souches de L. sakei n'ayant pas eu d'impact negatif sur l'acceptation des 
viandes cuites par un jury de degustation, il est alors envisageable de developper un produit 
commercial de bio-conservation base sur l'une de ces souches ou sur une combinaison des souches 
L. sakei 27, 44 et 63. Ce produit pourrait etre destine a !'usage de viandes refrigerees oil la croissance 
deL. monoeytogenes, Cl. esterthetieum ou la survie de C. jejuni representent un risque pour la qualite 
du produit ou l'acceptation sur le marche. 
Le Chapitre 4 a examine si des viandes inoculees avec les souches de L. sakei etaient moins bien 
acceptees d'un point de vue organoleptique que les viandes non inoculees. Bien que ce ne soit pas le 
cas (i.e., les echantillons inocules ne sont pas differents des echantillons non inocules), certains 
resultats suggerent que les echantillons inocules auraient tendance a etre rnieux notes du point de vue 
organoleptique que les echantillons non inocules. Les erreurs associees aux moyennes des tests sont 
trop larges pour en tirer des conclusions statistiques plus precises concernant l'effet de !'inoculation sur 
la qualite organoleptique des produits. Il serait utile de completer cette etude par une evaluation 
statistique incluant !'utilisation d'un plus grand nombre de repetitions. 
L'evaluation de la qualite organoleptique devrait egalement permettre de reveler d'autres souches de 
LAB inhibitrices identifiees au cours de cette etude (y compris L. sakei Lb706 et C. maltaromatieum 
11) qui pourraient etre des candidates interessantes pour le developpement de produits commerciaux 
de bio-conservation. 
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With further evaluation including sensory trials, additional inhibitory LAB strains identified 
during this study (including L. sakei Lb706 and C. maltaromatieum 11) may also prove to be 
suitable candidates for commercial product development. Strains of Le. laetis or Le. garvieae 
were rejected because they did not grow on meat or have been associated with pathogenicity 
in cattle (Stiles and Holzapfel 1997). However, if these strains are grown in appropriate media 
it may be possible to isolate and apply the molecules responsible for inhibitory activities 
observed in agar-stab experiments directly to meat surfaces (e.g., by binding to the packaging 
film as a form of active packaging). For example, some strains of Le. laetis produce 
antimicrobial substances other than nisin-like molecules, so may provide useful inhibitory 
molecules that could be added to packaged meat if grown separately. 
The development of inoculated L. sakei populations was not associated with lower levels of 
Enterobactericeae during storage. While this indicates that inoculation with L. sakei strains 
23, 44 and 67 does not inhibit the types of enterobacteria naturally acquired during 
processing, further work involving deliberate Enterobacteriaceae seeding may be useful in 
determining if specific species associated with meat spoilage, such as Rahnella aquatilis and 
strains of Hajnia and Serratia (Ercolini et al. 2006), can be inhibited. 
Potential hurdles, unresolved issues and continuing research recommendations 
The LAB are a nebulous grouping of bacteria loosely based around a mix of genotypic and 
phenotypic characteristics. Consequently, a universal technique to rapidly and economically 
detect and enumerate LAB during meat storage studies is not available. A reasonably 
effective approach is to plate samples onto MRS agar and incubate several days at 25 °C. 
However, MRS agar does not support the growth of all LAB found on stored meat, e.g., 
acetate-sensitive bacteria such as carnobacteria (Reuter 1985; Holzapfel 1992), so laborious 
techniques such as performing oxidase and catalase tests on colonies recovered on PCA may 
be required to make a more accurate assessment of LAB populations. A universal medium 
that adequately selected for all meat-associated LAB strains would be a valuable asset to 
many researchers and future work examining such a possibility would therefore be useful. 
An aim of this study was to isolate LAB with inhibitory activity against Gram negative 
bacteria. This was achieved in that L. sakei strains 44 and 63 as well as Le. garvieae 69 were 
observed to inhibit C. jejuni in agar-stab assays (Chapter 2). Furthermore, three strains of 
L. sakei, including 44 and 63, were observed to inhibit C. jejuni in stored beef experiments 
133 
Les souches de Le. laetis ou Le. garvieae ont ete rejetees car elles ne se developpaient pas sur viande 
ou bien parce qu'elles peuvent etre associees a une pathologie chez les bovins (Stiles et Holzapfel 
1997). Toutefois, en les cultivant dans des milieux appropries, il devrait etre possible d'isoler a partir 
de ces souches, des molecules responsables des activites inhibitrices en milieu gelose, et de les 
appliquer directement sur la surface des viandes (par exemple, sous forme d'un film de molecules 
inhibitrices couvrant l'emballage plastique utilise pour le conditionnement de la viande). Par exemple, 
certaines souches de Le. laetis produisent des substances antimicrobiennes autres que la nisine-like, 
qui pourraient, apres purification a partir de cultures, etre ajoutees a de la viande emballee. 
Le developpement des populations de L. sakei inocule n'a pas ete associe a des reductions de 
concentrations en enterobacteries durant le stockage de la viande. Cela indique que !'inoculation avec 
les souches L. sakei 23, 44 et 67 ne limite pas la croissance des enterobacteries qui contaminent 
naturellement la viande au cours du traitement. La poursuite des travaux d'inoculation de produits 
cames avec des enterobacteries devrait etre utile pour determiner si le developpement des especes 
telles que Rahnella aquatilis et les souches de Hafnia et Serratia, qui sont associees a la deterioration 
de viande, (Ercolini et al. 2006) peut etre inhibe. 
Facteurs limitants, problemes a resoudre et recommandations pour de futures recherches 
Les LAB forment un groupe de bacteries vaguement apparentees et possedant des caracteristiques 
genotypiques et phenotypiques variables. Par consequent, une technique universelle, rapide et 
economique pour detecter et enumerer les LAB au cours du stockage des produits cames n'est pas 
disponible. Une approche raisonnable et efficace consiste en une selection sur milieu gelose MRS 
pendant plusieurs jours a 25 °C. Toutefois, ce milieu gelose MRS n'est pas adapte a la croissance de 
toutes les especes de LAB presentes sur la viande. Par exemple, les especes sensibles a !'acetate telles 
que les Carnobaeterium sp. ne se developpent pas toujours sur milieu gelose MRS (Reuter, 1985; 
Holzapfel, 1992). Des techniques laborieuses telles que la realisation de tests oxydase et catalase 
effectues sur des colonies apres culture sur milieu PCA doivent etre effectuees pour une evaluation 
plus precise des populations de LAB. Un milieu universe} qui selectionnerait de maniere adequate 
toutes les especes de LAB associees aux viandes serait un atout precieux pour de nombreux 
chercheurs, et de futurs developpements dans ce sens seraient done utiles. 
L'un des objectifs de cette etude etait d'isoler des souches de LAB presentant une activite inhibitrice 
envers des bacteries a Gram negatif. Cet objectif a ete atteint car les souches L. sakei 44 et 63 ainsi que 
Le. garvieae 69 inhibent C. jejuni dans les essais en milieu gelose (Chapitre 2). De plus, trois souches 
deL. sakei, incluant L. sakei 44 and 63, ont ete capables d'inhiber C. jejuni dans les experimentations 
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(Chapter 3). Nevertheless, a major goal of this part of the work was to isolate LAB strains 
inhibitory to E. coli 0157:H7 in particular. Although there have been a few reports of such 
strains being isolated, e.g., Smith et al. (2005) and Ruby and Ingham (2009), none were 
isolated in the present study. Nevertheless, the control of toxigenic E. coli in the food chain is 
increasing in importance so efforts to isolate inhibitory LAB should continue. The storage 
environment itself may provide a key to success. For example, higher levels of organic acids 
have been attributed to increased sensitivity of E. coli 0157:H7 to bacteriocins (Ganzle et al. 
1999a). The identification of one or a mixture of bio-preservative LAB that can produce both 
an effective bacteriocin as well as an optimum environment for it to work in would be 
valuable (provided sensory qualities were not negatively impacted). 
Several LAB have been identified and characterized during this study that have potential as 
bio-preservation agents of fresh meat. To be commercially viable, chosen LAB strains need to 
be applied to products in a cost effective manner and the treated product must be acceptable to 
the consumer as well as those regulatory bodies that control market access (Schillinger et al. 
1996). Commercial seed-strain providers such as Fonterra's Microbial Fermentation Unit 
have indicated that the cost of providing whole cell cultures or extracts is negligible in 
comparison to the value of the product being treated. In fact, a recent business case prepared 
for the New Zealand meat industry determined that the cost of adding bio-preservative LAB 
to export lamb would be more than covered by a reduction in rejection levels alone (Jones et 
al. 2007). With regard to regulatory acceptance, the NZFSA have indicated that for LAB to be 
used as bio-preservatives of meat products some product labelling issues would need to be 
resolved and an application would need to be made to register as GRAS (generally regarded 
as safe) Lactobacillus species not already listed. This was a similar requirement for gaining 
necessary approvals for Bovamine Meat Culture in the U.S.A. (see Chapter 1). At the date of 
writing, L. sakei is not registered as GRAS in New Zealand and such an application will need 
to be made before L. sakei strains 27, 44 and 63 can be sold as part of a commercial 
preparation. A key remaining element for the commercial application of bio-preservative 
LAB is therefore the mode of applying strains to product on-plant. From a technical 
perspective this is the next area to address. In the study described in Chapter 4, packaged meat 
cuts were inoculated with defined cultures frozen in gelatine capsules. While this method of 
application allowed a consistent dose of culture to be added within a controlled environment, 
it would be a cumbersome approach to use on the larger commercial production scale because 
stocks of deep frozen (-80 °C) capsules would need to be readily available as well as efficient 
methods to add capsules to packs of variously sized cuts and to spread the contents evenly 
135 
sur viande bovine (Chapitre 3). Neanmoins, un objectif majeur de ce travail etait d'isoler des souches 
de LAB capables d'inhiber E. coli 0157:H7 en particulier. Bien qu'il que la litterature ait rapporte 
quelques exemples d'isolement de telles souches, e.g., Smith et al. (2005) et Ruby et Ingham (2009), 
aucune n'a ete isolee lors de la presente etude. Le controle des E. coli toxiques dans la cha1ne 
alimentaire etant de plus en plus recherche, les efforts visant a isoler des souches de LAB inhibitrices 
de E. coli devraient etre poursuivis. Le conditionnement lui-meme devrait foumir une cle de la 
reussite. Par exemple, Ganzle et al., (1999a) ont suggere que des niveaux plus eleves d'acides 
organiques augmenteraient la sensibilite de E. coli 0157:H7 a des bacteriocines. L'identification d'une 
souche ou d'un melange de souches de LAB agissant comme bio-conservateur pouvant produire a la 
fois une bacteriocine et un environnement optimal pour l'action de cette bacteriocine serait utile (a 
condition que les qualites sensorielles du produit ne soient pas affectees). 
Plusieurs souches de LAB presentant un interet pour la bio-conservation des viandes frakhes ont ete 
identifiees et caracterisees au cours de cette etude. Pour etre economiquement viables, les souches 
selectionnees doivent pouvoir etre appliquees a des produits de fa<;on rentable, le produit traite doit 
etre acceptable par le consommateur et doit respecter les reglementations en vigueur controlant 1' acces 
aux marches (Schillinger et al. 1996). Des groupes tels que l'Unite fermentation microbienne de 
Fonterra, qui foumissent des souches commerciales, ont indique que le cofit de production d'une 
culture microbienne ou de purification d'une molecule d'interet est negligeable en comparaison de la 
valeur du produit a traiter. En fait, une recente etude de cas preparee pour l'industrie de la viande de 
Nouvelle-Zelande a determine que le cofit de l'ajout de bio-conservateur LAB a la viande d'agneau 
destine a !'exportation serait plus que couverte par le cofit lie a un rejet du marche (Jones et al. 2007). 
A vant que des souches de LAB ne soient acceptees comme agent de bio-conservation de la viande, des 
exigences reglementaires devront etre satisfaites. En particulier, la NZFSA a indique qu'une demande 
devra etre faite pour enregistrer les souches de lactobacilles qui ne sont pas encore repertoriees comme 
GRAS (generally regarded as safe). Des etiquetages precisant les souches de LAB incorporees au 
produit devraient aussi etre requis. Des exigences reglementaires similaires sont requises aux Etats-
Unis pour la !'utilisation du produit Bovamine Meat (voir Chapitre 1). Au moment de la redaction, L. 
sakei n'etait pas enregistre comme GRAS en Nouvelle-zelande. Une telle demande devra etre faite 
avant que les souches L. sakei 27, 44 et 63 puissent peuvent etre commercialisees. Un autre point 
limitant !'utilisation commerciale de LAB pour la bio-conservation des viandes est le mode 
d'application du produit sur les souches dans l'industrie. Il s'agit de la prochaine etape a traiter du 
point de vue technique. Dans 1' etude decrite au Chapitre 4, des decoupes de viandes emballees ont ete 
inoculees avec des cultures sous forme de capsules gelatinees congelees a -80 °C. Cette methode 
d'application permet de control er la quantite de culture bacterienne contaminant 1' environnement 
industriel. Toutefois, le transfert a l'echelle d'une production industrielle se complique du fait de la 
quantite de stocks de capsules congelees, qui doit etre facilement disponible. De plus, des methodes 
efficaces pour ajouter les capsules a des bo1tes de tailles et coupes differentes et pour diffuser le 
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in order to achieve uniform surface densities. Spraying preservative cultures or their extracts 
onto product is a possible alternative and has been used overseas for both experimental work 
(Jacobsen et al. 2003) and the application of SafePro™ products (Anonymous 2007c). Such 
an approach could be evaluated for the New Zealand industry. Alternatively, coating 
packaging materials with stabilised LAB offers the dual advantage of providing room-
temperature stability and the application of consistent densities of stabilized bacteria to the 
surface of packaged products. For example, stabilized biopolymers could be used to seal 
defined amounts of LAB on to the inside surfaces of vacuum bags. Companies such as 
EnCoate™ produce potentially adaptable edible biopolymers that are currently used for 
biological applications such as stabilizing Serratia cultures for the control of pasture grass-
grub [per comm. Roger Buchanan, EncoateTM' Sep 2005; (Anonymous 2009c)]. 
Although the identification of effective LAB strains and the development of suitable 
application methods will ultimately bring a viable bio-preservation technology to the meat 
industry, an important hurdle to its adoption may be that of commercial apathy. Anecdotal 
information suggests that some meat processors may be somewhat recalcitrant to the adoption 
of new technologies unless there is a suitable catalyst. This appears to be currently the case 
with regard to full adoption in the U.S.A. of Bovamine Meat Culture technology (per comm. 
Doug Ware, President, Nutrition Physiology Corp, 13 Dec 2007). Such issues could be 
mitigated by a combination of regulatory pressure as well as providing the technology in an 
easily useable and cost effective form. However, as yet the degree, if any, of any such 
problem in the New Zealand industry and remedial actions cannot be easily measured. 
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contenu des capsules regulierement afin d' obtenir des densites uniformes de LAB a la surface sont 
necessaires. La pulverisation sur le produit came des cultures bio-conservatives ou de leurs extraits est 
une alternative possible. Cette solution a ete utilisee dans plusieurs pays au cours de travaux 
experimentaux (Jacobsen et al. 2003) et pour appliquer le produit SafePro™ (Anonyme, 2007). Une 
telle approche pourrait etre evaluee pour son utilisation par l'industrie de la viande neo-zelandaise. 
Une autre alternative serait d'utiliser des materiaux d'emballage avec revetement inertes recouverts de 
LAB et stabilises. Cette solution offre l'avantage de conserver les LAB meme a temperature ambiante 
et d'etre associee a une application homogene des bacteries a la surface des produits emballes. Des 
biopolymeres inertes pourraient etre utilises pour fixer des densites determinees de LAB sur les 
surfaces interieures. Des societes telles que EnCoate™ produisent des biopolymeres actuellement 
utilises pour les applications biologiques, tels que la stabilisation de cultures de Serratia pour le 
controle de l'asticot de l'herbe de Nouvelle-Zelande (Costelytra zealandica) (Anonyme, 2009). Ces 
polymeres seraient potentiellement adaptables a une utilisation en industrie agro-alimentaire (Roger 
Buchanan, Encoate™, Sep 2005, communication personnelle). 
L'identification de souches de LAB presentant un interet pour la bio-conservation ainsi que le 
developpement d'un systeme approprie et viable d'application sur viande sont imperatifs pour une 
utilisation industrielle. Toutefois, un obstacle important a !'adoption des LAB serait une apathie 
commerciale. Des informations anecdotiques suggerent que certains industriels de la viande seraient 
quelque peu recalcitrants a !'adoption de nouvelles technologies en absence de pressions ou de mesures 
incitatives. Cela semble etre actuellement le cas en ce qui concerne !'adoption pleniere aux Etats-Unis 
de la technologie Culture Bovamine pour viande (Doug Ware, President, Nutrition Physiologie Corp, 
communication personnelle, 13 decembre 2007). L'absence d'enthousiasme de la part des industriels 
pourrait etre attenuee par une combinaison entre la pression reglementaire et la disponibilite d'une 
technologie aisement utilisable et efficace en termes de couts. Toutefois, !'existence et/ou !'importance 
d'un tel probleme dans l'industrie neo-zelandaise, tout comme les mesures a suivre pour faire accepter 
les LAB par les industriels ne peuvent etre facilement mesurees. 
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Media, Buffers and Reagents 
- note: Unless otherwise specified: 
1. 'autoclave' refers to 121 oc for 15 min. 
2. 'filter sterilise' refers to passing solution through a 0.22 [!ffi filter. 
APT Broth/Agar (All Purpose Tween). Becton Dickinson (BD) or: 
Yeast Extract (BD) 
























to 1 litre 
Mix, adjust pH to 6.7 ±0.2 and autoclave. 
Blood Agar 
Columbia Agar (BD) supplemented with 5% sheep blood (Venous Supplies, Auckland, NZ). 
O.SMEDTA 
EDTA 14.6g 
Dissolve in 90ml distilled water; adjust pH to 8.0, q.s. to lOOml. 
lOOmMEGTA 
EGTA 0.38g 
Dissolve in 7 ml distilled water; adjust pH to 7.5 with solid NaOH, q.s. to 10 ml. 
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Luria Broth/Agar (LB/LA)@ 0.5% NaCl (1.2% agar) 
NaCI 5.0 g 
Tryptone peptone (BD) 10.0 g 
Yeast extract (BD) 5.0 g 
(Agar for solid media 12.0 g) 
Distilled Water to 1 litre 
Mix, adjust pH to 7.0 ±0.2 and autoclave. 
Lysozyme solution (10 mg ml-1 in lOmM Tris-HCI, pH 8.0) 
Lysozyme (Sigma) 




to 10 ml 
Mix, filter sterilize, store at -20 °C. 






to 1 litre 
Mix, adjust pH to 7.0 ±0.2 and autoclave. 
deMan, Rogosa, Sharpe Broth/Agar (MRS). BD or: 






















12.0 g) (note: gives 1.2%, commercial MRS agar is 1.5%) 
to 1litre 
Mix, adjust pH to 6.8 ±0.2and autoclave 
MRS-0.2% Glucose Broth/ Agar 
As for MRS except use only 2 g dextrose 
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Mueller-Hinton Broth/Agar_(MHB/MHA). BD 








to 1 litre. 
Mix, autoclave, store at 4 °C. 






to 1 litre 
Mix, autoclave, store at room temperature. 
TE Buffer (lOmM Tris HCI pH8 + lmM EDTA) 
0.5M EDT A Soln 1 ml 
1M Tris pH8 5 ml 
Mix and q.s. to 500 ml with Distilled water. Autoclave. 
TEE Buffer 
1M Tris-HCl soln (pH 9.0) 
0.5M EDTA soln 




Mix with 30 ml distilled water, adjust pH to 9.0 with NaOH, q.s. to 50 ml, filter sterilize, store 
at RT. 
Todd-Hewitt Broth/Agar (THB/THA) 
BD 
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Tris (lM, pH 8.0) 
Tris Base 12.1g 
Dissolve in -80ml distilled water, adjust pH to 8.0 with cone HCI and q.s. to 100 ml. 
Autoclave. 
Tryptic Soy Broth/Agar (TSB/TSA) 
BD 
Commercially Sourced Materials 
AnaeroGen packs, Campygen packs: Oxoid 
Exogenous IPC Reagent Kit: Applied Biosystems Pty Ltd, 52 Rocco Drive, Scoresby, 
Victoria, Australia. 
High Pure PCR Template Preparation Kit: Roche Diagnostics NZ Ltd, PO Box 62-
089, Mt Wellington, Auckland 
PCR purification kit: Quiaquick 
Selleys All Clear acrylic sealant: Selleys, 495 Rosebank Rd, A vondale, Auckland. 
Silaflex NG silicone sealant: Fosroc Ltd, 69 W aione St, Petone, Wellington. 
Taq: Roche 
Taq (Platinum): Invitrogen 
TaqMan Universal Master Mix: Applied Biosystems Pty Ltd, 52 Rocco Drive, 
Scoresby, Victoria, Australia. 
Vacuum packaging bags: High oxygen barrier bags (50 ml/m2/24 h/1 atm (1 atm 
= 101.29 kPa)/23 oC), Cryovac Ltd, Private Bag 50-901, Porirua. 
Whirl-Pak™ filter bags: Nasco, Fort Atkinson, WI, USA 
16SRNA PCR: Primers: Invitrogen 
Growth Media 
Bolton Broth, mCCDA, MOX agar, PALCAM agar: Fort Richard Laboratories, 
Otahuhu, Auckland 
Bacto Agar, Beef Extract, BHI, MHB, MRD, MRS, PCA, STAA agar, Tryptone, 




1. Definition and isolation of presumptive LAB 
-based on Axelsson (1998) -see Chapter 1 
Gram positive rods or cocci, catalase negative, oxidase negative, non spore forming. 
If a strain grows on MRS Agar and meets criteria 1 and 2 then it can be viewed as a 
presumptive LAB. Some LAB can produce catalase when grown on complex media such as 
blood agar (Chaillou et al. 2005), so growth media need to be simple for performing catalase 
tests. Some LAB grow very slowly in air (even under 10% C02) so incubating anaerobically 
usually produces faster growth, and also prevents H20 2 generation which can otherwise act 
against the target organisms. I have found that acid-sensitive strains such as carnobacteria 
require extended anaerobic incubation (>4 days) on MRS agar to allow the appearance of 
visible colonies. Acetate-free MRS has been reported as encouraging better growth of 
carnobacteria, as does TSA-Yeast Extract agar at pH 9.0 and several other albeit less selective 
media (Holzapfel 1992). 
Presumptive L. sakei 
-based on Schillinger and Lucke (1987) 
Gram positive rods, catalase negative, gas from glucose, positive fermentation for: ribose+ 
and melibiose+ (or, if melibiose-, then maltose-, sucrose+, trehalose+). 
Gas from Glucose: Grow culture for 24 h in APT broth+ 0.5% Na Acetate. Insert a red hot 
needle. If it 'fizzes' its gas/glucose positive (thus, heterofermentative or facultative32, which 
includes L. sakei). If negative its homofermentative (Sperber and Swan 1976). 
32 Refer Metabolism section in Chapter 1 
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2. Selection of spontaneous antibiotic-resistant LAB sub-populations 
I. Streptounycin 
-based on J. Tagg (per comm. 2007) and Tagg, Dajani et al. (1976) 
Brucellae (and assumedly other similar organisms such as LAB and L. monocytogenes) are 
sensitive to >256 [!g rnl-1 streptomycin between pH 5-7 (Akova et al. 1999). However, a small 
sub-population of LAB contain ribosomal gene mutations rendering them resistant to 
streptomycin. The following method allows such mutants to be selected for use as seed 
strains, the enumeration of which may be achieved using streptomycin-containing agars. 
Notes 
• Dry powder has a shelf-life of 2-3 years at RT33 
• Streptomycin terminates and prevents protein synthesis in prokaryotes 1 
• Antibiotic resistance (MICs etc) can vary depending on media. For dairy 
starter lactobacilli and lactococci, the MIC for streptomycin ranges between 2 
and >256 [!g rnl- 1 in basic laboratory broths (Hummel et al. 2007). Hence, the 
range 2-500 [!g mr1 is appropriate for selecting streptomycin resistant strains. 
Method (refer to Appendix 1 for media) 
Prepare 10 ml tubes Todd Hewitt Broth (or suitable alternative for the application) containing 
doubling dilutions of streptomycin sulphate (AMRESCO, Solon, Ohio) from 2 [!g rnl-1 out to 
500 [!g mr1 concentrations. 
1. Dissolve 50 mg streptomycin sulphate in 10 rnl THB. Filter-sterilize through a 
0.22 [-tm filter and add filtrate to 90 ml THB. 
2. Dispense 5 x 10 ml aliquots (=tubes containing 500 [!g mr1 antibiotic). 
3. Add remaining 50 rnl to an equal volume of fresh THB. 
4. Dispense 5 x 10 rnl aliquots. = 250 [!g rnl-1 tubes. 
5. Repeat steps 4 and 5 for a further 7 cycles to reach 10 rnl aliquots containing 2 [!g rnl-1 
streptomycin sulphate. Prepare a final tube of THB containing no streptomycin. 
ie., final cones ([!g mr1): 500, 250, 125, 63, 32, 16, 8, 4, 2, 0 
33 
Source: Sigma catalogue 
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6. Inoculate 0 (lg ml-1 tube with a heavy suspension of 24-48 h culture grown on Todd 
Hewitt Agar. Incubate overnight. 
7. Inoculate 100 (ll of the resulting broth culture into 2 (lg ml-1 tube and re-incubate. 
8. When the 2 (lg mr1 broth has become turbid, repeat for the 4 (lg/ml tube (and so on) 
until the 500 (lg ml-1 tube is turbid (this will contain those strains in the original 
culture that are naturally resistant to 500 (lg mr1 streptomycin). 
9. Do a final check by streaking both selected-for and original strains onto Todd Hewitt 
and Luria agars containing 500 (lg ml-1 streptomycin sulphate. Select one of these 
agars for eventual use in enumerating meat-seeded strains of streptomycin-resistant 
LAB. 
11. Rifampicin 
Spontanous mutants of LAB that are naturally resistant to high levels of streptomycin and 
rifampicin can be selected using increasing concentrations of antibiotic in MRS medium 
(Chiaramonte et al. 2009). For example, spontaneous mutants of Pediococcus acidilactici 
have been isolated (Foegeding et al. 1992). The method described above for selecting 
spontaneous streptomycin mutants can be used to select for rifampicin mutants by substituting 
rifampicin for streptomycin sulphate and using a concentration gradient of 200 to 0 (lg mr1• 
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3. Detection of antimicrobial activity 
I. Colony overlay assay 
-based on INRA method (per comm. Afef Najjari, 2006); and Schillinger and Lticke (1989). 
Detects deferred antagonism. This is a variety of the 'Double Layer' method. 
1. Prepare MRS-0.2 plates (Schillinger and Liicke 1989), APT, Luria, YzBHI or THA 
agar plates as required. 
Notes 
• MRS-0.2 contains 0.2% glucose instead of the normal 2%, which reduces acid 
production. 
• APT is a good general medium for heterofermentative LAB especially those 
requiring thiamine (Ahn and Stiles 1990). 
• LB is a minimal medium lacking acetate ions, which may be inhibitory to 
some LAB. 
2. Spot cultures onto plates and incubate at 25 oc anaerobically (reduces formation of 
H20 2 and acetate) for 24 h or until good-sized colonies form. 
Preparation of indicator target overlay 
3. Inoculate 5 ml LB with loop-full of culture. Incubate 3-4hrs at 35 oc (or cooler for 
longer if preferred). The resulting suspension should be visibly turbid. Then inoculate 
1 ml into 70 ml 0.7% agar at 50 oc (or 0.1 ml into 7 ml for individual plates). 
4. Overlay each plate with 7 ml of the inoculated agar. Allow the overlay to set and then 
incubate for 18-48 h anaerobically at 24 oc or, if required, at a temperature more 
suited for the target organism. 
5. Examine overlay for zones of non-growth. 
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II. Agar-stab assay 
- based on Schillinger and Lticke (1989); Moustafa (2004). 
This method is a modification of the Colony Overlay Method (see above) where test strains 
are inoculated into the agar using sterile toothpicks, incubated, and the surface then exposed 
to chloroform to kill surface growth to avoid contamination of the overlay. 
1. Prepare plates as per Colony Overlay Assay. 
2. Dip a sterile toothpick into test cultures and stab to the bottom of the agar plate. 
Incubate at 25 oc anaerobically (reduces formation of H20 2 and acetate) for 24 h or 
until growth is visible. 
3. Expose each dish to 4 ml chloroform for 20 min by inverting (with lid removed) and 
sitting over a metal pan containing the solvent (soaked Whatman filters on a glass 
sheet also works well). Then allow residual chloroform to evaporate by exposing dish 
to laminar air flow for 20 min. 
4. Overlay each plate with indicator strain in 0.7% agar, incubate and inspect as per 
Colony Overlay Assay. 
Ill. Spot overlay assay 
-based on Tagg, Dajani et al. (1976). 
This method is similar to the Colony Overlay Assay except that test organisms are inoculated 
at same time as the indicator overlay is applied to detect direct antagonism. Perform assay as 
per the Colony Overlay method except spot (10 f!l) overnight broth culture (just turbid and 
preferably dextrose-free) onto the agar surface, allow to dry and overlay with indicator strain. 
By trial and error may need to reduce concentration of indicator inoculum (e.g., 0.1 ml into 
70 ml overlay). 
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IV. Flip-streak assay 
-based on Kekessy and Piguet (1970). 
1. Streak test LAB strain onto an agar plate (e.g., APT or TSA) in one long continuous 
line approximately 1 mm wide. Incubate at 24 oc in 10% C02 (or anaerobically if 
no/slow growth) for 48 h. 
2. Flip the agar onto the dish lid so that the streak-side is face down on the lid. Streak the 
target strains at right-angles across the line of the test-LAB streak and re-incubate 18-
48 h at 24 oc or, if required, at a temperature more suited for the target organism. 
3. Look for zones of clearing to indicate inhibition. 
V. Well diffusion assay 
- based on Tagg and McGiven (1971); Ammor, Tauveron et al. (2006). 
1. Prepare 15-20 ml 1.2% basal agar plates (LA for most indicator strains, MHA for 
Campylobacter, other agars for other indicators depending on their nutritional 
requirements). 
2. Pour 10 ml overlays of Agar 0.7% containing 100 [!l of overnight indicator organism 
broth culture. Allow overlays to set. 
3. Punch 4 mm-wide holes with a sterile borer and remove the plug using a vacuum hose. 
4. Seal the bottom of each hole with a drop of molten basal agar. 
5. Pipette 15 [!l aliquots of test material (e.g., broth culture or treated supernatant 
samples) into wells. Up to 3x15 [!l aliquots can be added to each well to enhance 
results (with a 1 h interval between additions to allow diffusion). 
6. Incubate plates overnight anaerobically at 24 oc (alternative conditions depending on 
the indicator strains) and examine for zones of inhibition. 
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4. Characterising antimicrobial compounds 
- based on Ammor, Tauveron et al. (2006). 
I. Preparation of cell and cell-free suspensions 
1. Streak LAB cultures on Luria Agar (LA) and incubate anaerobically at 24 °C. 
2. Inoculate 20 ml appropriate broth (LB commonly, or (e.g.) MRS to assess 
glucose/acid effect) with a heavy loop-full and incubate to late log phase- the point 
where accumulation ofbacteriocins are often at their maximum (Hoick et al. 1992). 
3. Remove and store 1 ml culture at +4 oc (portion 1). 
4. Centrifuge remaining 19 ml at 11,000 g, 15 min, +4.0 °C. 
5. Filter sterilize supernatant through 0.22 11m filter. 
6. Examine supernatant for acid and peroxide influences; and/or sensitivity to heat and 
proteolysis as follows, using the Well Diffusion Assay. 
11. Neutralising possible acid and HzOz influences 
1. Label four 1 m1 filtered supernatant samples as portion 2, 3, 4 and 5. 
2. Adjust pH of Samples 3 and 5 to 6.534 with l.ON NaOH. 
3. Add catalase to Samples 4 and 5 to give a final concentration of 300 U mr1. 
Ill. Determining heat stability 
1. Label two 1 ml filtered supernatant samples portion 6 and portion 7. 
2. Incubate Sample 6 at 80 oc for 10 min, and Sample 7 at 80 oc for 2 h. 
IV. Sensitivity to proteases 
3. Label two 1 ml filtered supernatant samples Portion 8 and Portion 9. 
4. Add Trypsin to Sample 8 to give a final concentration of 1,500 U mr1• 
5. Add Protease K to Sample 9 to give a final concentration of 30 U mr1• 
6. Incubate both samples at 37 oc for 3 h. 
34 Adjusting pH to 6.5 is prescribed by Ammor, S., G. Tauveron, E. Dufour and I. Chevallier {2006). "Antibacterial 
activity of lactic acid bacteria against spoilage and pathogenic bacteria isolated from the same meat small-scale 
facility. 1- Screening and characterization of the antibacterial compounds." Food Control17{6): 454-461. 
However, adjusting small volumes to this pH was very difficult so a target range of 6.5-7.3 (i.e., 6.9±0.4) was 
substituted. 
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5. PCR protocols 
16S rDNA PCR protocol for typing LAB species 
-based on Broda, Boerema et al. (2003). 
I. Nucleic acid extraction 
Extra Materials 
• High Pure PCR Template Preparation Kit (Roche) 
• Isopropanol 
• Double distilled water (for reconstitution Proteinase K) 
• Absolute ethanol (for reconstituting Inhibitor Removal and Wash Buffer). 
• Lysozyme (10 mg ml-1 in 10mM Tris (pH 8.0) Solution) 
• PBS 
Method 
1. Grow LAB strains on MRS agar to obtain exponentially growing colonies. 
2. Harvest cells and suspend in 1 ml PBS (alternatively, use 0.5 ml of MRS Broth 
culture). 
3. Adjust OD to 1.0 at 550 nm (approx equivalent to 1x109 cells). 
4. Isolate genomic DNA using Roche HighPure DNA preparation kit and following the 
supplied instructions, with the exception that cells are re-suspended in 200 r.tl 10 
mg mr1 lysozyme and incubated at 37 oc for 60 min to improve lysis. 
5. Store eluted DNA at 4 oc (longer term at -20 °C) pending PCR amplification. 
Note 
• As a faster and alternative method, equivalent results can be obtained by extracting 
DNA from a loop-full of culture suspended in 1 ml PBS. 
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Roche DNA isolation method (based on kit instructions) 
Cell lysis 
1. Take 1 ml PBS buffer containing 1xl09 bacterial cells. Centrifuge 5 min at 
3000 g and re-suspend in 200 !!I PBS containing 10 mg ml-1 lysozyme. 
2. Incubate 60 min at 37 °C. 
3. Add 200 !!I Binding Buffer and 40 !!I Proteinase K. Mix immediately and 
incubate for 10 min at 72 oc. 
4. Add 100 !!I isopropanol and mix well. 
Nucleic acid separation 
5. Pipette mixture onto a High Pure filter tube assembly 
6. Centrifuge for 60s at 8000 g (nucleic acids bind to glass fibres) 
Nucleic acid wash 
7. Discard flow-through and collection tube. Attach new collection tube. 
8. Add 500 !!I Wash Buffer to upper reservoir. Centrifuge 60 s at 8000 rpm. 
9. Discard flow-through and collection tube. Attach new collection tube. 
10. Add 500 !!I Wash Buffer to upper reservoir. Centrifuge 60 s at 8000 rpm. 
11. Discard flow-through. Combine filter tube and same collection tube. 
12. Centrifuge for 10 sat 8000 g to remove residual Wash Buffer. 
13. Discard collection tube. Attach filter tube to clean 1.5 ml reaction tube. 
Elute purified nucleic acids 
14. Add 200 !!I pre-warmed Elution Buffer (70 °C). Centrifuge for 60s at 8000 g. 
15. Keep eluent (contains purified template DNA). Store at 2-8 oc or freeze at 
between -15 oc and -25 oc. 
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11. DNA amplification 
-based on Broda, Lawson et al. (1999). 
Materials 
• Purified DNA 
• Primers (lnvitrogen) 
Forward(pA) AGAGTTTGATCCTGGCTCAG 
Reverse(pH*) AAGGAGGTGATCCAGCCGCA 
Reaction Mix (per reaction*): 
*minimum of 3 reactions (unknown, +ve control, -ve control) 
Method 
1. Prepare Master mix (= all reagents except template DNA) in PCR clean room. Add 
Taq last (keep reagents on ice). 
2. Add template DNA (resulting in 100 [-tl reaction mix per sample). 
3. Amplify DNA (using thermo-cycler (PTC-100 Programmable Thermal Controller, M 
J Research Inc., Watertown, MA) using the following conditions: 
Melt DNA at 93 oc for 3 min and amplify using 30 cycles of 1 min, 92 oc 
melt; 1 min, 55 oc primer anneal; 2 min, 72 oc DNA extension (3 min for 30th 
cycle). 
4. Check for amplification by mixing 18 [-tl reacted material with 2 [-tl gel-loading buffer 
and running on a 1.5% agarose gel in 0.5x TBE buffer at 100 V (small tank) or 130 V 
(large tank) for approx 1 h. Include 2.5 [-tg ethidium bromide in each 100 ml gel for 
staining. Also run a DNA ladder to determine the MW of amplified product. Use 
Roche ladder VI (P271 Roche manual) or equivalent (150-2000bp). Amplified 16S 
sequence should be seen at approx 1500 bp. 
5. Store the PCR reaction tubes containing amplified 16S rDNA at 4 oc. 
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Ill. DNA purification 
Purify the PCR products using a QiaGen QuiaQuick™ PCR purification kit as follows (based 
on manufacturer's instructions). 
Materials 
• PCR purification kit (QuiaQuick) 
Method 
Bind DNA 
1. Add 5 vol BufferPB to 1 vol PCR sample and mix (this acidifies the mixture). 
e.g., 400 r-tl BufferPB + 80 r-tl PCR sample. 
2. Place spin column into a 2 ml collection tube. 
3. Apply sample to column and centrifuge at 8000 g for 60 s (acidified DNA binds to 
silica). 
4. Discard flow-through tube (contains unbound material). Keep discard tube for re-use. 
Wash DNA 
5. Add 0.75 ml BufferPE (contains ethanol) to column and centrifuge at 8000 g for 60s. 
6. Discard flow-through, re-fit flow-through tube and centrifuge briefly to remove 
residual liquid. 
7. Place spin column in clean 1.5 ml centrifuge tube 
Elute DNA 
8. Add 50 r-tl BufferEB (pH 8.5) directly to the centre of the membrane and centrifuge at 
8000 g for 60 s. 
9. Store the eluted purified DNA at 4 °C. 
167 
E. coli 0157 multiplex PCR protocol 
- based on the protocol for 16S rDNA PCR above, using the following conditions 
described for E. coli 0157:H7 by Paton and Paton (1998). 



















Primer preparation: 100 pmol ur1 dilute 1:8 to get 12.5 pmol ur1 working stock 
E16S primers dilute 100 pmol ur1 1:10 to get 10 pmol ur1 
Reaction mixture 
I stock cone. (pmol !Lr1) I manufacturer I ul 
Template 1 ' I 2 
Stx1F . t 12.5 J INVITROGEN [~1 ~-
Stx1R 1~12.5~------~ INVITROGEN -~--
Stx2F 12.5 I INVITROGEN 1 1 
Stx2R ___ ~ 12.5 , INVITROGEN 1 
eaeAF 12.5 i INVITROGEN 1 
eaeAR 12.5 I INVITROGEN 1 
h!yJ\.F -~- I 12.5 -TINVITROGEN ' 1 
J!!yAF jl 12.5 -~TINVITROGEN I..J-~ 
Tag master mix X 2 I Qiagen 1 25 
Water I I I 15 
i 
Total 
PCR Program (0157 MP): 
(95 °C, 1 min; 65 °C, 2 min; 72 °C, 1.5 min) x 10 cycles; 
(95 °C, 1 min; 65-60 °C, 2 min; 72 °C, 1.5 min) x 5 cycles; 
(95 °C, 1 min; 60 °C, 2 min; 72 °C, 1.5 min) x 10 cycles; 
(95 °C, 1 min; 60 °C, 2 min; 72 °C, 1.5-2 min) x 10 cycles. 
168 
I 50 
Real-Time PCR (qPCR) protocol for detecting and enumerating organisms in drip. 
I. Nucleic acid extraction 
Although the TaqMan method may work using whole cells (because the melting temperatures 
will release DNA from cells) it is nevertheless important to first extract the DNA so that drip-
associated inhibitors (nucleases etc) will be removed before adding TaqMan reagents. 
Materials 
• High Pure PCR Template Preparation Kit (Roche) 
• Isopropanol 
• Double distilled water (for reconstitution Proteinase K) 
• Absolute ethanol (for reconstituting Wash buffer). 
• Lysozyme (10 mg/ml in 10 mM Tris (pH 8.0) Solution) 
• Sterile PBS 
Method 
Extract DNA as per instructions detailed in steps 1-9 of methodology for "16S rDNA PCR 
Protocol, I. Nucleic acid extraction", with the exception that in step la, the sample to be used 
comprises meat sample (e.g., homogenate or drip): 
i.e., Step la. Suspend 10 [-tl meat sample in 90 [-tl PBS. Centrifuge 5 min at 3000 g and re-
suspend in 200 [-tl PBS containing 10 mg ml-1 lysozyme. 
11. Performing qPCR on extracted DNA using the TaqManTM machine 
Materials 
• Template DNA 
• Test sample extracts 
• Standard curve samples extracted from spiked-negative sample35 
35 Drip and other types of meat sample may contain inhibitors so standard curve samples need to be extracted 
from the same matrix as samples ex-meat pack. 
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• Standard curve 
• Primers (see below for individual organisms) 
• Internal Control (IC) Mix (ABI Exogenous IPC Reagent Kit: Cat/No. 4308323) 
• 5 mM MgC}z (Qiagen) 
• Distilled water 
• TaqMan Master Mix (ABI Universal PCR Master Mix: Cat/No. 4304437, containing 
2x cone) 
Method 
Prepare Master Mix in PCR clean room. Unlike 16S PCR there is no need to keep reagents on 
ice because the Taqman enzymes are 'hot-start'. Add Taq last. Prepare TaqMan reaction mix 
(20 [!l final volumes) using recipe templates specific for each test organism (see 'Probes' 
section below) and dispense into reader plates/strips. 
Notes 
• Several water samples should be included in every real time run. Generally if 10-
12 samples are being run at least 2-3 water samples should be included and for a 
96 well plate up to 7-8 water samples should be run. 
• Use optical 96 well plates, or if less than half a plate (48 samples) it is more 
economical to use strips. Applied Biosystems/ AB brand work well. 
1. Place the 96 well plate into an ABI black splash-free support base so the wells are 
prevented from touching the bench. 
2. Dispense master mix into the wells and then take the plate and base out of the PCR 
room to add template DNA. Once added, cover the plate with an optical adhesive 
cover (ABI prism/ Absolute QPCR ABgene). Make sure the cover is placed so all 
the outer wells are sealed. 
3. Remove the detachable end strips. The plate is now ready to be put into the Real-
Time PCR machine. 
4. Press the button on the machine to open the drawer. Place the plate into the rack 
with well A 1 in the top left hand corner. 
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Prepare plate document and running real time sample. 
1. Create a new document using the SDSv1.2 software. 
2. Select two detectors that contain the correct reporter and quencher. 
3. Set up the sample plate by highlighting all the wells that contain sample and 
click the boxes for the detectors. Press FINISH. 
4. The 7300 System SDS software [Plate 1 (Absolute Quantification)] window is 
now open. Click on the wells inspector icon. 
5. Highlight a well that contains sample and then type in the sample name into 
the box within the well inspector window. Click on to the next well and type in 
the sample name. Do this for every sample. 
6. For the standard curve, click on the unknown box of the sample when inputting 
the sample names and select Standard. Enter the dilution in the quantity box. 
Do this for each sample to be included in the standard curve. The two coloured 
box in each well will now contains an'S' instead of a 'U'. 
7. Close the well inspector. 
8. Click on the 'Instrument' tab. The screen should now show the cycling 
conditions of the PCR. For the vast majority of the assays the conditions are as 
the standard default programme (50 oc for 2 minx 1; 95 oc for 10 min x 1; 
95 °C, 15 s; 60 °C, 1 minx 40). However, the AB gene PCR master mix does 
not contain dUTPs (unlike the Applied Biosystems master mix) and therefore 
does not require an initial 2 rnin at 50 oc. However, the enzyme within the mix 
requires a slightly longer activation period of 15 min at 95 °C. so, for the AB 
product, delete the entire 50 oc step and change the 95 octo 15 min. 
9. Save the SDS file and then click START to begin the PCR. 
Ill. Analyzing results 
1. Once the PCR is complete, select the sample detector and click on and hold the red 
threshold line and drag it to where the amplification of your samples are increasing 
exponentially. 
2. Set the baseline in the 'Analysis settings' on the right hand side of the Amplification 
Plot. Estimate from the amplification plot the cycle at which the amplification of the 
first sample to be detected starts and take two cycles off. Set this value as your end 
cycle for the baseline. For example, if sample A1 begins giving fluorescence at cycle 
16, the end baseline setting is 14. 
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3. Click ANALYSE. The threshold line should turn from red to green. 
4. Repeat setting the threshold and baseline for the IPC detector and click ANALYSE 
again. 
5. The results can now be seen in the REPORT tab. This details the Ct values, standard 
deviation etc. 
6. After analysis, re-save the results and close the SDS software. 








Primer stocks are re-suspended to 100 pmol ftr 1• Dilute to 1:20 to get 5 pmol ftr1 
working stock. 
Reaction Mix 
! stock cone. I manufacturer I !J:l 
DNA template I I 2 
_h!y_QF 50 nM --+:--:5cc-p-m-o-:cl-f:!:c:-r~1 - I Invitrogen __ LQL J:llYQB- 50 nM 5 Q1!10l ~:~:r I Invitrogen I 0.2 
_h!YQ!>~--=-10"-'0'-'n=M;;c;_ _ [1 10 ~:~:M --[ABI-. [02-
IC mix VIC-TAMRA.x10 I ABi I 2 . 
IC DNA I x50 -rA.BI I 0.4 
~---~--· 
: x2 -I~Am l12o Water Master Mix 
MgCh5mM ~ 25 mM Qiagen 1 3 
Total I zo 












1 stock cone. I manufacture I f,tl 
DNA temQlate ' i i 2 
TMBROF 50 nM i 5 Q_mol !1:r'4Tnvitrogen I 1 ,- --~ -,-~~~- -~~·~~~--
TMBROR 50 nM : 5 12_11!2l!1:r i Invitrogen I 1 
TMBROProbe 100 nM i 2 ~-tM I ABI fT.6 
IC mix VIC-TAMRA [x10 ; ABI _j~_2_ 
IC DNA j x50 i ABI i 0.4 
~Wate~---~---;-~~-1~~- I, 2--
--~--~ 
Master mix I x2 i ABI j10 
I ! 
Total I 20 
PCR programme: TaqMan standard programme except AnTm 62 oc 
Cl. estertheticum 
Forward (CLETMF) CGGCGGACGGGTGAGTAAC 
Reverse (CLETMR2) CGGGTCCATCTCAAAGTGRAAAT 
Probe (CLETMPROBE) FAM-CGTGGGTAACCTGCCTCAAAGAGGGG-TAMRA. 




i stock cone. ! manufactur I !J] 
PCR Program: TaqMan standard programme but Tm 66 oc 
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6. Basic method for the generation, detection and quantification of 
hypothiocyanate 
- based on the methods of Thomas and Fishman (1986); Arlandson, 
Decker et al. (2001); and Mansson-Rahemtulla, Baldone et al. (1987). 
I. Oxidant generation 
- refer to Chapter 2 for reagent formulations 
1. In a quartz cuvette, mix 30 ~-tl 100 mM KSCN solution with 919 ~-tl 0.1M Sodium 
Phosphate buffer. 
2. In a second cuvette, repeat with a 930 ~-tl aliquot of buffer. 
3. Add 11 ~-tl LPO solution to the first cuvette. Mix. 
4. Add 20 ~-tl H20 2 solution to both cuvettes in 4x5 ~-tl aliquots added at 1 min intervals. 
Mix. (=15:1 ratio ofKSCN to H20z). 
5. Incubate at room temperature for 1 min. 
6. Add 20 ~-tl catalase soln. to both cuvettes. Mix. 
The resulting mixture contains oxidant, assumed to be OSCN, at a concentration of 
-45 ~-tM, although I have found that individual runs can vary by up to 20%. 1 ml at 45 ~-tM 
is equivalent to 735.3 ~-tM oxidant generated in 61 ~-tl reactant mix (KSCN+LPO+H20 2), 
which is equivalent to 61 ~-tl per 1x106 ~-tl x 735.3 ~-tM = 45 nmoles. 
11. Oxidant quantification using the TNB method 
Hypothiocyanate concentration is measured by titrating against TNB solution (Ellman's 
Reagent) and calculating using the formula of Thomas and Fishman (1986). The 
absorbance of two samples (Sample, containing LPO; Control, not containing LPO) is 
measured at 412 nm after titration against TNB. The amount of oxidant generated by LPO 
is proportional to the amount of TNB (absorbs at 412 nm) oxidized to DTNB (non-
absorbant). 
Method 
1. Zero at spectrophotometer at 412 nm using 0.1 M Sodium Phosphate buffer. 
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2. To the second treated cuvette (Control, contains no LPO) add small volumes of TNB 
solutions (typically 100 !J-l) until the ~12 is approximately 0.5 (within the range 0.3 to 
0.7 is acceptable). Record both the absorbance and the amount TNB added. 
3. Repeat for the first treated cuvette (sample, contains LPO), aiming to match the 
absorbance measured for the Control as closely as possible. 
4. Calculate oxidant concentration using the following formula: 
!J-M oxidant = (BEC-AFG)/(0.0272xAD), where 
A = volume TNB added to control 
B = final control volume 
C = A412 control 
D = volume reactants (enzyme + substrates) 
E = volume TNB added to sample 
F = final volume sample 
G = A412 sample. 
Example (volumes in !J-l) 
=reactant I Catalase TNB 
:1 Test 919 I 30 i 11 i 20 
---~~~~~--·--~~;~~~---~-------~~---
! Control 1 919+11 1 30 I - • 20 
=61D I 20 ! 500E I -~---~~~--1 
, 20 ; 100A ; 
i i I 





I o.261G I 
~--------~ 
i 0.293C I 
= 735 !J-M with respect to the 61 !J-l reactant mixture, or 45 !J-M with respect to the 
dilution effect of the overall reaction environment (i.e., including buffer). 
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7. Freeze-drying LAB 
- based on Champagne, Gardner et al. (1991) and Saarela, Virkajarvi et al. (2005). 
I. Preparing cultures 
1. Inoculate a loop-full of 48hr LAB culture grown on APT agar, into 20 rnl APT Broth 
containing 0.24 gr1 CaCh (0.006 M Ca2+)36. 
2. Incubate cultures at 10°C until turbid (lower incubation temperatures produce a higher 
unsaturated-saturated FA ration which is more protective against freeze-damage). 
II. Freeze-drying 
1. Centrifuge broth culture at 4000 g for 10 min at 4 oc. Re-suspend in 10 ml sterile 
(autoclaved at 115 oc for 10 min) 10% skim milk containing 0.1% Tween 80.37 
2. Aliquot accurate 2.0 rnl amounts into sterile freeze-drying vials. 
3. Freeze vials to -80 °C. 
4. Place vials into freeze-drying containers and loosely stopper lids. 
5. Freeze dry according to the manufacturer's instructions. 
Ill. Reconstituting culture 
Reconstitute in LB (Luria Broth). 
8. Preparation of clostridial spores 
- based on method supplied by Robyn Clemens (Agresearch). 
Spores are prepared in a suitable sporulation medium, such as PYGS medium. 
1. Once cells have grown let them settle and pour off most of the supernatant. 
2. Add sterile distilled water to make the environment more minimal to encourage 
sporulation (can take months). 
36 
Tween 80, Ca 2+ and Mg2+ ions encourage production of short rods which are more resistant to cryo-damage. 
37 Milk components, esp. lactose, protect cell wall by increasing its flexibility 
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3. When significant numbers of spores are observed microscopically in wet mount 
(bright refractile spheres under phase contrast), centrifuge spore suspension at 4,000 g 
for 10 min. 
4. Pour off supernatant and re-suspend pellet in chilled physiological saline (0.8% NaCl). 
5. Heat at 60 oc for 10 min to kill any remaining vegetative cells. 
Note 
Use 75 oc heating for 20 min for mesophilic clostridial species, using a 'pilot' 
tube of same volume of saline to check temperature. 
6. Repeat the spin and wash steps (B & C) twice more using chilled physiological saline. 
7. Re-suspend in final volume & mix spore suspension thoroughly before aliquoting into 
suitable containers (e.g., Eppendorf tubes) and storing at -20 oc. 
8. Spores can be enumerated by plating a dilution series of the suspension onto sheep-





2.1 Target strain information 
-~ ~ ~~ ~ --~ --~-- - - " "-- --~-~----- -- --- - -- --- --- ---
1 # i species i Origin ID description 
1 · E. coli • 916 MIRINZ MILAB reference strain 
- -- --- ___ , __ -- ----~~-- --- ------------- - ---------~~-----
. E. coli 0157:H7 ··~':''.' .•. v.-,~6~:'~~'='' ex-ATCC43888 
. . .... !'T()~!()xjg~~i(;, I:'T<=:I<=:l~~QQ,:=l3:?~. 
: }.j)(Qt(lg()colle<;ti()f1::::I:'T·!lt:~g····· 
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2.2 Antimicrobial activity of LABs against selected pathogens and meat spoilage organisms 
A. Initial broad-brush screening of LAB using LA, MHA, and the Agar-Stab Overlay Assay 
~: ., not tested; -,no inhibition; +, 0:<S10mm; ++, 0>10mm; e, slight 'edge' of inhibition, ()negative on retest, !!jfuzzy edge 
nn target (21 or 21) failed to grow in either Luria or MH overlay. 
• Results in red for LAB grown on Luria Agar; green, Mueller Hinton Agar except for 21 and 22 which were grown in Luria and overlaid with 21 or 22 in either Luria or MH agar. 
• Target strain numbers 4, 5, 18 and 19 were not allocated at the time of testing. 
• Refer to Appendix 3, 2.1 for target strain numerical description . 
• 'Rumen' LAB encompasses all LAB strains sourced from non-meat environments, primarily the rumen but also faeces and silage (refer Chapter 2, Methods) 
• Strains selected for further study denoted by I 
LAB test strains · Ec I Ec I Ec I I I Ec I Ec I Ec I Ec I Ec I Lm I Liv I Lin I SI I Ea I Sm I Lm I I I Bt I Ce I Cg I Sh I ST I Ye I Ye I Cj I Cj I of I 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 note 
L. viridescens 12706 -- .. - - - - - - -- - - -- - - - -- n- nn I 
2 lL. sakei 706 -- .. - - - ++++ ++ ++ -- - ++ e- n- nn I -. I -. I -- I -. 1-(e) I -- I I 
3 lf.£u. gasicomitatum -- .. - - - - - -- - - --' - - - -- n- nn 
4 Leu. gasicomitatum -- - - - - - - -- - - -- - - - -- n@ nn 
5 Leu. gasicomitatum -- .. - - - - - - -- - - -- - - - -- n- nn , - ' - I - - I - ' - ' -
6 f.-eu. gasicomitatum -- .. - - - - - - -- - - -- - - - -- n@ nn 
7 L. sakei -- .. - - - - - - -- - - -- - - - -- n- nn 
8 E. hirae -- .. - - - - - - -- - - -- - - - -- n- nn I -. I -. I -- I -. 1-(++ll -e 
9 ,L. sakei -- .. - - - - - - -- - -- - - - -- n- nn 
10 E. hirae -- .. - - - - - - -- - - -- - - - -- n- nn 
11 C. maltaromaticum -- .. - - - - - - ++++ ++ ++ -- - - ++ [tjl n++ nn I -. I -. I -- I -. H++)l -- J I 
12 L. sakei -- .. - - - - - - -- - - -- - - - -- n- nn 
13 L. sakei -- .. - - - - - - -- - - -- - - - -- ~FL nn 14 L. sakei -- .. - - - - - - -- - - -- - - - -- nW n n I -. I -. I -- I -. I -( +) 
15 Leu. carnosum -- .. - - - - - - ++++ ++ + -- - ++ -- n@ nn I -. I -. I -- I -. I -- I -- T 1' 
!16 L. sakei -- .. - - - - - -- .. .. -- - - - -- n- nn 
17 "-"· sakei -- .. - - - - - - -- .. .. -- - - - -- n- nn I -. I -. I -- I -. 1-(+l 
180 
18 L. sakei -- .. - - - - - +- .. .. -- - - - -- n- nn 
19 LAB -- .. - - - - - -- -- - - - -- n- nn 
20 LAB -- .. - - - - - -- .. -- - - - -- n- nn 
121 LAB -- .. - - - - - -- .. -- - n- nn - - -- - -(e) I --
22 LAB -- .. - - - -- -- - - - - n- nn - -- e. +(+) I e-
23 LAB -- .. - - - - -- .. .. -- - - - - n- nn - - -- - -(+) I --
24 LAB -- .. - - - - - - -- .. -- - - - - n- nn 
25 LAB -- .. - - - - - - -- .. .. -- - - - fl'- n- nn 
26 LAB -- - - - - - -- .. -- - - - lJ- n- nn - - -- - -(+) I --
27 L. sakei -- .. - - - - - ++++ ++ ++ -- - - ++ -- n- nn l -. J -. l --J -. J --l --l _I 
28 LAB -- .. - - - - -- - - -- - - - e- n- nn 
29 LAB i -- .. - - - - - -- - - -- - - - e- n- nn 
r30 LAB I -- .. - - - - -- - - -- - - - -- n- nn 
31 LAB -- - - - - - - -- - - -- - e- n- nn -- e 
32 LAB -- .. - - - - - - -- - - -- - - - -- n- nn -- -(+) I --
33 LAB I -- .. - - - - - -- - - -- - - - lit n- nn - -- - e(+}i -(e) 
34 LAB I -- - - - - - -- - - -- - - - W- n- nn - - -- - e 
35 LAB I - - .. - - - - - - -- - - -- - - - -- n- nn - - -- - e 
36 LAB I -- - - - - - -- - - -- - - - -- n- nn 
37 L. sakei I -- .. - - - - - -- - -- - - - !+!- n- nn 1 - I - I -- I - 1 e 
38 LAB -- .. - - - - - - -- - - -- - - !tl- n- nn 
39 LAB -- .. - - - - - - -- - - -- - - - -- n- nn 
40 LAB i -- - - - - -- - - -- - - - .. n- nn 
41 L. sakei i -- .. - - - - - -- - - -- - - - -- n- nn J -. J -. J -- J -. J+(+) · --
42 LAB I -- .. - - - - - - -- - - -- - - - -- n- nn 
43 L. sakei I - - .. - - - - - -- - - -- - - - -- n- nn 
44 L. sakei -- .. - - - - -- - - -- - - - -- nrt. nn - - -- - ++ I ++ I I 
45 LAB I - - .. - - - - - -- - - -- - - - -- n nn 
46 L. sakei I -- .. - - - - ++ - - -- - - - -- n nn - - -- - +i+l l --
47 'L. sakei I -- .. - - - -- - - -- - - -- n nn - - -- - e+ I -+ 
48 LAB -- .. - - - - - -- - - -- - - -- n nn - -- - -(+) I --
49 LAB I -- .. - - - - +- - - -- - - -- n- nn - - -- - e 
,50 LAB I -- .. - - - +- - - -- - -- n- nn - - -- - -+ 
51 LAB I - - -.. - - - - - -- - -- - - - -- n- nn 
52 LAB I -- .. - - - - -- - - -- - - - -- n++ nn 
53 L. sakei I -- .. - - - - - +++ - - -- - - - -- n- nn 
54 LAB I -- .. - - - - - - -- - - -- - - - -- n- nn 
55 LAB I -- .. - - - -- - - -- - - - -- n- nn -- , (e). 
56 LAB ! -- - - - - - - -- - - -- - - - -- n- nn I -. I -. I -- I (e). 1-(+) 1-(+) 
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57 LAB- Died 
58 iLAB 
l:tJI I I : I :·1 : I : I :·1 :: I : I : I :: I : I : I : I I I :: I ~: I ~~ I : I : I :: I : I:!:! I :~ 59 LAB 60 LAB 61 LAB- Died 
62 ,LAB I - - .. - - - -- - - -- - - - -- n::+J nn 
163 L. sakei -- .. - - - - - - ++++ ++ ++ -- - - ++ -- n@ nn - - -- - +(+)j +(+)j ~ 
64 LAB -- .. - - - - - -- - -- - - - -- n nn - - -- - e 
65 LAB -- .. - - - - - - -- - - -- - - - -- n r-!J.!!- - - -- -66 LAB -- .. - - - - - - -- - - -- - - - -- n r-!J.!!-67 LAB -- .. - - - - - - -- - - -- - - - -- n nn 
68 LAB I -- .. - - - - - - -- - - -- - - - -- n nn - - -- - -(+) -(e) 
69 Le. garvieae -- .. - - -- e -- - - -- n@ nn - - -- - +++ ++ .! I 70 LAB I -- .. - - - - - - -- - - -- - - - -- nHl nn - - -- - - -
71 LAB -- .. - - - - - - -- - - -- - - - -- n- nn - -- - -(+) -(e) 
72 LAB -- .. - - - - - - -- - - -- - - - -- n+ nn 
73 LAB -- - - - - - - -- - - -- - - - -- n- nn 
74 LAB -- .. - - - - - - -- - - -- - - - -- n- nn 
75 Le. lactis -- .. - - - - - - ++ - - -- e - - ++++ n++ nn - - -- - .- I I 
76 !L. sakei (23K) -- .. - - - - - - -- - - - .. - - -- n- nn l -. l -. l -- l -. l -(+) I --
01-
13 




B. Repeats and additional tests using a wider range of media and the Agar-Stab Overlay Assay 
Key: ., not tested; -,no inhibition; +, 0 :S10mm; ++, 0> 10mm; ±, slight inhibition (0<2mm); (),negative on retest; n, target failed to grow in overlay. 
• Results are for LAB spiked into Luria Agar, red results; Mueller Hinton Agar, green; Todd-Hewitt Agar, blue; \12 strength BHI agar, brown. Overlaid targets are 
suspended in 0.7% agar except for target strain 21 (Cl. estertheticum) which is suspended and overlaid in 0.7% MHA. 
• Refer to Appendix 3, 2.1 for target strain numerical description. 
Target Strains 
LAB test strains w coli IL. monocytogenes L. monocytogenes L. monocytogenes lB. thermosphacta Cl. estertheticum IC. jejuni 11 17 18 20 21 27 
2 iL. sakei Lb706 -- (-) - ' - - - - ++ + ++ ++ ++ + ++ ++ ++ + ++ ++ - - + - n 
I 3 'Leu. gasicomitatum - - -- - - + - - - + - -- - - - - - - n - - - n . 
1 4 'Leu. gasicomitatum ... - - - - - - ... - - ± - - - - - - - - - n - - - n I 
5 'Leu. gasicomitatum - - - - - - - - - - - - - -- - - - - - n - - - n 
6 Leu. gasicomitatum - - - - - - - - - - - .. - .. - - - - - - n - - - n 
7 L. sakei - - - - - - - - - -- - - -- - .. - - - n - - - n 
' 8 f-. hirae - - - - - - - - - ... - .. - - - - - - - - n ± + + n 
9 L. sakei - - -- - -- - .. - - - - - - - - -- - n ++ - - n 
10 E. hirae - - - - - -- - - - - - - - - - - - - - n - - + n 
11 C. maltaromaticum .. - - .. ++ + ++ ++ ++ ++ ++ ++ ++ + ++ ++ + + + + n - - - -
12 L. sakei - - - - - - - - - - - - + - + - - - ± - .n - - - n 
13 'L. sakei - - - - - - - - - - ± - - - - - - - - - n - - + n 
14 L. sakei - - - - - -- - - - -- - - - - - - - - n - - - n 
1 15 Leu. carnosum - - - - + + ++ ++ + + ++ ++ + + ++ ++ - - - - n - - - -
16 L. sakei - - - - - - - - - - - - - - - - - - - - n + - + n 
-··-··--··-
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17 L. sakei - - - - - - - - - - -- - - - - - - - - n - - + n 
18 L. sakei Lb706b - -- - - - + + - - ++ ++ - - + + - - - - n + - - n 
27 L. sakei - - - - ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ - - ± ± n - - - ± 
37 L. sakei - - - - - - - - - - + - - - - - - - - - n + - + n 
41 IL. sakei - - - - - - - - - - - - - -- - - - - - n + - - n 
43 L. sakei - - - - - - - - - - - - - -- - - -- - n - - - n 
44 L. sakei - - - - - - - - - - - - - - - - - - - - n - + - -
46 L. sakei - - - - - - - - - - - - - - - - - - - - n + - - n 
47 L. sakei - - - - - - - - - - - - - - - - - - - - n + + - n 
63 L. sakei - - - - ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ - - - - n (-) - - -
69 Le. garvieae - - - - - - - - - - - - - - - - ... - - - n - + - + 
75 Le. laetis - - - - + + ++ + + + ++ ++ + + + + ++ ++ ++ ++ n - - - + 
76 L. sakei - - - - - - - - - - - - -- - - ... ... - .. n - - - -
n 
p. Otago strains n 
120 :P. aeidilaetiei 1.0 - - - - - - + - ± ++ ++ ++ - - + - ++ ++ ++ ++ n - - - -
121 Le. laetis A TCC 1404 - - - - - - + - ± ++ ++ ++ - - ± - ++ ++ ++ ++ n -- - -
122 Le. laetis 146 - - - - ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ n + - - -
123 Strep. salivarius K12 - - - - - - - - - - - - .. - - - - - - - n - -- -
124 E. faeeium TE1 - - - - - - + - ± ± ++ ++ - - + - ++ ++ ++ ++ n - - - -
125 'Le. laetis223 - - - - - - - - - - - - ± - - - - - - - n - - - -
126 Le. laetis ML8 - - - - - - - ± ± ± ++ ++ - ± + - ++ ++ ++ ++ n - - - -
127 Le. diaeetylaetis DRC1 - - - - - -- - - - - - - - - - - - - - n - - - -
128 Le. diaeetylaetis DRC2 - - - - - - -- - - - - - - - - - - - - n -- - -
129 Strep. eremoris 166 - - -- - - + ± - - - - - - - - ++ ++ ++ ++ n ++ - - -
130 Strep. eremoris E8 - - - - - - ++ ± - -- - .. - - - ++ ++ ++ ++ n ++ - - -
131 'Le. laetis149 - - - - - - ++ - - -- - - - - - ++ ++ ++ ++ n ++ - - -
132 Le. laetis346 - - - - - - - - - -- - - - - - - - - - n ++ - ++ -
133 Le. laetis MN4 - - - - - - ± - + ++ ++ ± - - ± - ++ ++ ++ ++ n - - - -
134 Le. laetis K1 - - - - + + ++ + + + ++ + - - ± - ++ ++ ++ ++ n - - - -
135 Le. laetis C3 - - - - + + ++ + + + ++ ++ + + ++ ++ ++ ++ ++ ++ n + - - -
136 ILe. laetisl35 - - - - + ++ ++ ++ + ++ ++ ++ + + + + ++ ++ ++ ++ n ++ + - + 
137 Strep. salivarius PIRIE - - - - - - ± - + ++ ++ ~ - - + + ++ ++ ++ ++ n ... - - -
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C. Preliminary data on the nature of anti-microbial activity observed in selected strains, using the Well-Diffusion Assay. 
Antimicrobial compounds were characterised, as described in Materials and Methods, for contributory effects of pH, H20 2; sensitivity to proteases and heat, association of antimicrobial 
substance with cell or supernatant. Producers were compared grown in six different types of broth. Treated samples incubated with target organisms for 48 h. Cl. estertheticum 21 was not 
inhibited by any extract and is not represented. 
Key: -,no inhibition; e, slight 'edge' of inhibition; ±, <1 mm wide zone inhibition;+, 1-2.5mm wide zone inhibition;++, >2.5mm wide zone inhibition blank, not tested. 
• Results are for LAB grown in broths: Luria, L; Mueller-Hinton, MH; Todd Hewitt, THB ; MRS; BHI; Y2 strength BHI (Y2BHI). 
• tp = initial result using toothpick-overlay screening (refer sections A and B): +,inhibition zone diameter ~10mm; ++, >10mm 
• Treatments: 1, broth culture; 2, filtered supernatant; 3-9, 2 treated with: pH6.5-7.3 (3), catalase (4), pH6.5-7.3 and catalase (5), 80°C/10min (6), 80°C/2h (7), 
Trypsin (8), Protease K (9), growth medium only (10) . 
11 - L. monocytogenes 20- B. thermosp_hacta 27 - C. jejuni 28 - C. jejuni 
LAB strains ~edium tp I 2 3 4 s 6 7 s 9 10 tp l 1! 2! 31 41 si 61 7 1 si 9j 1c tp I 2 3 4 s 6 7 s 9 10 tp l 1! 2! 31 41 si 61 7 1 si 9j 10j 
2 L. sakei Lb706 L * ± * + + + + + - - - - - - - -
- -
I MH + e - - - - - - - - -
I I THB * ± 
I 
- - - - - - - -
I MRS * * * * * * * - - -
I BHI + e - - - - - - - -
Y2BH * :+- * * * - - - - - - - - -
11 C. malt L * + - + + - - -
-aromaticum38 MH + + - + + - - -
THB * + - + + - -
I MRS + -
I BHI + e - - - - - - - -
Y2 BH * + - + * + + + + + - - - - -
15 Leu. carnosum L 
: I ~ I : I I I I I I I I : I : I : I I I I I I I I : I : I : I I I I I I I I 
-
MH -
I THB I 
38 Also negative for inhibition of Cl. estertheticum 
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I MRS * -
I BHI * -
i Y, BH * - - - - - - - -27 I L. sakei L * * * * * * * * - - - - - - - + - -
I I MH * * + - - - - - - - - - - - - - - -THB * * * + + + * * - - - + - - - - -MRS * * * * - - - - - - - - - -BHI e - - - - - - - - - - - - -




L - - - - - - + - - + + -
MH - - - - - - + ± - + -




BHI + + e e e - e e - -
Y2BH - - - - - - - - -
63 L. sakei L * - - - - - + + - + + + - - + - - - - -
I MH * - - - - - - - - - + + - - - - - - - -I THB * - - - - - - - -
I i 
MRS + + + e e - - + + -
BHI + + e e e + - + - -
Y2 BH * * * + + + * * - - - - - - - - -69 l Le. garvieae 
! 
L - - - - - - * + - + + + + + + + - + + -
I 
MH - - - - - - + ± - + + + + + + e - + + -
THB - - - - - - - * -
I 
MRS + + + + + + - + + -
i BHI + + + + + + - + + -I 
Y2 BH - - - - - - + * -75 I Le. lactis I L * * ± - - - - - - - - * * * + + + * * - - - - * - -MH + * ± - - - - - - - - * * * + + + * * - - - - + - -THB * * + + + + + + ± ± - * * * + + + * * * * - - * -MRS * + + + + + + + + - * * * * * * * * * -BHI * e e + - + + - - - * * * * * * * * + -Y2 BH + + ± - - - e e - - - * * * + + + * * - - - + * --- ~- - - - --
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3.1 Ability of antimicrobial LAB detected using agar-stab assays to grow on vacuum-
packed chill-stored lamb and restrict the development of L. monocytogenes and 
B. thermosphacta populations 
A. Results from an initial trial that used non-destructive drip sampling; analysis of 
seed LAB populations using target-strain overlays; and analysis of target strains 
using selective media. 
LAB shown to be inhibitory to target strains by agar-stab assays (see Chapter 2) were seeded 
onto boned lamb shoulders eo-seeded with target strains, vacuum-packaged and stored for 12 
weeks at -1.5 oc. Packs were seeded at 1 x 107 cfu/pack for LAB and 1 x 105 /pack for target 
strains. Each pack was fitted with a silicon septum and at 2-week intervals drip samples were 
removed and analysed for microbial populations. Anaerobic plate counts (AnPC) and 
presumptive LAB counts (pLAB) were assessed on (respectively) PCA and MRS agars 
incubated at 25 oc for 48 h. Seed LAB populations were quantified on similarly incubated 
Luria agar plates which were then treated with chloroform and overlaid with soft-agar 
containing target strains. After re-incubation, zones of clearing were enumerated as presumptive 
seed strains. Two LAB seeding regimes were evaluated: ( 1) adding LAB reconstituted from 
freeze-dried culture (FD) and from vegetative broth culture (C). 
LAB strains evaluated: L. sakei Lb706, (2); L. sakei 27, (27); L. sakei 63, (63); Le. lactis 75, (75). 
Target strains evaluated: L. monocytogenes 11; B. thermosphacta 20. 
L. rnonocytogenes populations were evaluated on MOX agar. B. therrnosphacta populations 
were evaluated on ST AA agar with some confirmatory data also collected using qPCR. Seeding 
levels for both LAB and target strains are reported (Week 0) as cfu/ml (multiply by 10 for 
amount delivered to packs in a 10ml initial dose). Counts between weeks 2 and 12 are reported 
as cfu per 1 00(.!1 drip. Four replicate packs were used for each variation. 
Grey cells = not tested 
Light grey (yellow) cells= nicked bag (air entered pack during sampling) 
Asterisk (*) = not tested due to insufficient drip available. 
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Log Group Averages for DRIP 
I WeekO Week 2 /100ul L~Tll lB.~piYcfa T20 Pack Seed-LAB /ul Target-Soed /ul ...... ..... so LA-Iota/SO .. , MOX SO STM SO qPCR SO "' so 
2FD 5.00 
2C 5.34 0.00 1.76 0.1 .. 6.28 0.22 6.16 0.07 
2C+T11 5.16 3.00 2.52 0.72 6.02 0.38 6.01 0.19 6 .01 0.19 2.62 0.27 6.09 0.05 
27FD 4.92 
27C 4.59 0.00 5.29 2.36 6 .13 0.53 6 .40 0.21 4.70 0.00 6.21 0.19 
27C+T11 4.54 3.26 6.66 0.45 6.55 0.14 6.59 0.07 4.70 0.00 2.82 0.11 6.25 0.2 .. 
75FD 5.15 
75C 5.20 0.00 4.65 0.\7 4.74 0.16 4.87 0.2 .. 4.86 0.25 6.26 0.19 
75C+T11 5.20 3.15 4.99 0.29 5.10 0.2.t 4.96 0.2 .. 4.96 0.2 .. 2.80 0.20 6.27 O.H 
75C+T20 5.20 3.34 5.10 1.01 4.99 0.18 5.13 0.95 4 .39 0.56 0.70 0.97 0.00 0.00 6.13 0.08 
63C 5.93 0.00 7 .19 0.07 7.17 0.26 7.12 0.22 5.35 0.60 5.94 0.35 
63C+T11 5.93 3.15 6.85 0.70 6.63 0.67 6.56 0.62 4.70 1.00 1.98 0.5-t 5.93 0.16 
+T11 0.00 3.06 2 .64 0.07 2.71 0.11 3.04 0.38 1.30 1.21 2.68 0 .~ 6.27 0.19 
+T20 0.00 3.26 4 .50 0.5-1 4 .270.68 5.21 U7 2.70 0.82 4.72 0.53 3.84 0.68 6 .23 0.15 
0.00 0.00 1.73 0.57 1 .60 0.26 2.05 0.XI 0.97 0.37 -0.30 0.00 0 .19 0.3. 2.81 0.00 6.27 0.12 
Raw Data 
1.00E..05 




27 FD no seed 
8.30E.ot 
27 c no seed 
3.90E.ot 
27 c L rnonocytogBn6s 11 
3.50E+O" 1.80E+03 
75 FD no seed 
1.40E+05 














(3 .1 A contd.) 
Week 4 /1 OOul r-:... .. IL_,....,_Tll B. f'-rltollphiiCb T20 Pack """'"' ..... so LA-loll/ SO MOXSO STMSO QPCR SO H SO 2FD 6.30 0.37 6.55 0.47 6.39 0.20 6.39 0.20 
2C 7.81 0.27 7 .70 0.21 7.750.42 7.750.42 5.90 0.16 
2C+T11 7.50 0.08 7.59 0.08 7.48 0.09 7.48 0.011 -o.30 0.00 5.82 0.10 
27FD 5.64 1.33 7 .06 0.38 7.10 0.211 5.85 0.83 
27C 7.16 0.54 7.38 0.27 7.14 0.&3 5.89 0.55 5.900.20 
27C+T11 7.61 0.02 7.59 0.12 7.50 004 6 .05 1.38 2.26 0.08 6.02 0.211 
75FD 4.74 0.50 4.46 0.22 5.100.35 4.90 0.35 
75C 4.79 0.50 4.63 0.27 5.22 0.60 4.70 0.00 6.24 0.14 
75C+T11 5.02 0.80 4.78 0.24 5.711 .2.( 5.331 .26 2.89 0.31 6.07 0.19 
75C+T20 4.60 0.14 4.71 0.12 5.10 0.35 4.70 000 -0.30 0.00 1.68 .(1_3, 5.95 0.27 
63C 7.960.36 7.79 0.45 8.09 oo• 6.74 0.37 5.96 0.42 
63C+T11 7.96 0.38 7.86 0 41 7.83 0.35 6.200 . .c6 0 .63 1.37 5.68 0.07 
+T11 4.40 0.77 4.16 0.94 3.39 1.01 3.391 .01 2.69 0.33 6.16 0.24 
•T20 6.00 0.64 5 .52 0.57 4.741 .56 2.22 1.0-t 6.03 O.S3 5.59 1.19 6.16 0.08 
4.96 0.73 4.74 0.73 3.00 0.50 1.70 0.00 0 .80 0.17 0.47 ~- 11 2.32 0.00 6.15 0.10 
Week 4 /1 OOul ~ ~:~-~:~ 
L __,...,_ T11 B. lh«mo¥hacfll T20 
Pack pLAB-MAS loa LA·Iol-.1 I loa ..;,x~... I STML"'o I qPCR)Iog pH , 2.70E+06 6 . .f3 3.40E+06 6.53 2.40E+06 6.38 2.40E+06 6.38 6.31 
2 6.00E+05 5.78 1.08E+06 6.03 1.60E+06 6 .20 1.60E+06 6.20 6.17 
3 4 .20 E+06 6.62 2.90E+06 6.46 4.60E+06 6.66 4.60E+06 6.66 6 .17 
4 2.40E+06 6.38 1.50E+07 7.18 2.00E+06 6.30 2.00E+06 6.30 ~ ---5 
4.10E+07 7.61 4.00E+07 7.60 3 .20E+07 7.51 3 .20E+07 7.51 6.01 
6 3 .80E+07 7.58 2.80E+07 7A5 2.20E+07 7.34 2.20E+07 7.34 6.06 
7 1.40E+08 8.15 8.50E+07 7.93 1.92E+08 8.28 1.92E+08 8.28 5 .76 
8 7 .90E+07 7.90 6 .40E+07 7.81 7 .20E+07 7.86 7.20E+07 7.86 ______gg ---. 3.60E+07 7.56 3.90E+07 7.59 2 .80E+07 7.45 2.80E+07 7.45 O.OOE+OO -0.30 5.67 
10 3.00E+07 7.48 3.20E+07 7.51 2.40E+07 7.38 2.40E+07 7.38 O.OO E+OO .0.30 5.85 ,, 2.50E+07 7.40 3.60E+07 7.56 3.30E+07 7.52 3 .30E+07 7.52 O.OOE+OO .0.30 5.89 
12 3 .70E+07 7.57 5 .00E+07 7.70 3 .90E+07 7.59 3 .90E+07 7.59 O.OOE+OO -0.30 5 .85 
29 4.90E+03 3.69 9.70E+06 6.99 1.10E+07 7.04 1.00E+07 7.00 5.92 
30 2.60E+06 6 . .of1 4.40E+06 6.6 .. 6 .30E+06 6 .80 1.00E+05 5.00 6.06 
31 6.20E+06 6.79 1.12E+07 7.05 1.20E+07 7.08 O.OOE+OO 5.70 6.03 
32 4.40E+05 5.64 3 .70E+07 7.57 3 .00E+07 7.48 O.OOE+OO 5.70 _____g> 
33 1.60E+07 7.20 1.40E+07 7.15 1.20E+07 7.08 O.OOE+OO 5.70 5.68 
34 1.70E+07 7.23 2.10E+07 7.32 3 .00E+07 7.48 O.OOE+OO 5.70 5.81 
35 2.80E+06 6 . .of5 1.90E+07 7.28 1.90E+06 6.28 3 .00E+05 SAS 5.94 
36 5 .60E+07 7.75 5 .80E+07 7.76 5 .10E+07 7.71 5.00E+06 6.70 ~ 
37 3.90E+07 7.59 3.00E+07 7 . .ofS 2 .90E+07 7 .... 2.90E+07 7.46 1.80E+02 2.26 5 .70 
38 4 .10E+07 7.61 3.SOE+07 7.58 3.50E+07 7.5< 1.00E+06 6.00 2.20E+02 2.Jol 6.26 
39 
40 4.20E+07 7.62 5.20E+07 7.72 3.20E+07 7.51 O.OOE+OO ... 70 1.50E+02 2.18 6.09 
41 
42 4 .60E+04 ... 66 4.30E+04 ... 63 2.00E+05 5.30 2.00E+05 5.30 5.79 
43 1.90E+04 ... 28 1.60E+04 4.20 O.OOE+OO 4.70 O.OOE+OO ... 70 6 .15 
44 1.90E+05 5.28 3.40E+04 4.53 2.00E+05 5.30 O.OOE+OO ... 70 ~ 
45 3.90E+04 4.59 2.10E+04 4.32 O.OOE+OO .. . 70 O.OOE+OO ... 70 6.24 
46 3 .70E+04 4.57 4.90E+04 4.69 5 .00E+05 5.70 O.OOE+OO 4.70 6 .08 
47 2.90E+04 4.46 3 .50E+04 4.5 .. 6 .00E+05 5.78 O.OOE+OO 4.70 6 .21 
48 3.40E+05 5.53 9.00E+04 4.95 O.OOE+OO ... 70 O.OOE+OO 4.70 ~ 
49 8 .20E+04 4.91 1.20E+05 5.08 1.68E+07 7.23 1.68E+07 7.23 2.1 OE+03 3.32 5.86 
50 2.40E+04 4.38 3.10E+04 4.49 O.OOE+OO ... 70 O.OOE+OO 4.70 4.50E+02 2.65 6.06 
51 4.00E+04 ... so 5.50E+04 4.7 .. O.OOE+OO 4.70 O.OOE+OO ... 70 5 .00E+02 2.70 6 .05 
52 1.50E+06 6.18 6.40E+04 ... 81 1.60E+06 6.20 O.OOE+OO 00 8.00E+02 2.90 6.32 
53 3.40E+04 4.53 4.20E+04 ... 62 2.00E+05 5.30 O.OOE+OO ... 70 O.OOE+OO -0.30 1.1 OE+02 2.04 5.64 
54 3.30E+04 oi.52 4.70E+04 .. . 67 2.00E+05 5.30 O.OOE+OO ... 70 O.OOE+OO .0.30 1.47E+01 1.17 6.07 
55 5.80E+04 oi.76 7.00E+04 oi .85 O.OOE+OO oi.70 O.OOE+OO ... 70 O.OOE+OO .().30 6.94E+01 1.8-i 6.14 
56 
57 3 .50E+07 7.54 1.90E+07 7.28 6.43 
58 1.50E+08 8.18 1.10E+08 S.O.of 1.30E+08 8 .11 1.00E+07 7.00 5.83 
59 
60 1.40E+08 8.15 1.16E+08 8.06 1.15E+08 8.06 3 .00E+06 SAS ~ 
61 1.10E+08 8.0.f 9 .40E+07 7.97 2.70E+07 7.43 O.OOE+OO 5.70 1.60E+02 2.20 5 .64 
62 2.00E+08 8.30 1.60E+08 S.20 1.18E+08 a .or 4.00E+06 6.60 O.OOE+OO .0.30 5 .65 
63 
64 3.50E+07 7.5.of 2 .60E+07 7.41 9.60E+07 7.98 2 .00E+06 6.30 1.00 E+00 0.00 5.76 
65 2.80E+05 5 . .of5 2 .60E+05 5.-it 4 .80E+04 4.68 4.80E+04 4.68 3 .50E+02 2.5 .. 5.81 
66 2.10E+04 4.32 1.80E+03 3.,. 3 .00E+02 2.48 3 .00E+02 2 . .of8 3 .40E+02 2.53 6 .34 
67 1.70E+04 ... 23 2.00E+04 4.30 O.OOE+OO 2.70 O.OOE+OO 2.70 1.50E+03 3.18 6.22 
68 3.90E+03 3.59 4.70E+03 3.67 5.00E+03 3.70 5 .00E+03 3.70 3 .10E+02 2A9 6.25 
69 4.30E+06 6.63 9.90E+05 6.00 3.00E+02 2.48 O.OOE+OO 1.70 4.50E+06 6.65 2.50E+06 S . .ofO 6.24 
70 3.60E+05 5.56 9.00E+04 us 3.00E+05 5.48 O.OOE+OO 1.70 3 .80E+05 5.58 1.70E+04 4.23 6.07 
71 2 .90E+06 6 . .of6 1.07E+06 6.03 1.00E+05 5.00 6.00E+03 3.78 2.00E+06 6.30 5.70E+06 6.76 6.20 
72 2.20E+05 5.Jol 1.30E+05 5.11 1.00E+06 6.00 O.OOE+OO 1.70 4.00E+05 5 .60 9 .50E+04 ... 98 6.12 
73 1.80E+04 4.26 1.80E+04 ... 26 3 .00E+02 2.48 O.OOE+OO 1.70 O.OOE+OO 0.70 O.OOE+OO .0.30 O.OOE+OO 2.32 6.08 
74 
75 8.10E+04 4.91 2.50E+04 ..... 0 3.00E+03 3.48 O.OOE+OO 1.70 O.OOE+OO 0.70 O.OOE+OO 0.70 O.OOE+OO 2.32 6.26 
76 5 .10E+05 5.71 ~5.58 1.10E+03 3.04 O.OOE+OO 1.70 1.00E+01 1.00 1.00E+01 1.00 O.OOE+OO 2.32 6.1 0 
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Week 6 11 OOul B, ,.,_p#IM:bt T20 
PKk ,_, so so LA·Iolal SO STM SO qPCR SO pH SO 
2FD 
2C 8.24 0.18 8.16 0.32 8 .17 0.31 8 .17 0.31 5.82 0.21 
2C+T11 7.89 0.60 7.86 0.50 7.87 0.53 7 .84 0.51 .0.300.00 5.72 0.14 
27FD 
27C 7.53 0.46 7.~ 0.40 7.68 0.36 6.15 0.52 5.63 0.32 
27C+T11 7.47 0.38 7.95 0.18 7 .83 0.16 6.83 1.05 1.71 0.10 5.90 0.25 
75FO 
75C 7.24 0.-40 7.15 0.50 7.29 O ..t5 6.36 1.-4 1 6.1 6 0.08 
75CtT11 6.45 uo 6.47 1.39 6 .46 1.37 5.53 1.00 3 .43 0.-43 6 .30 0.12 
75Ct T20 6.80 0.62 6.74 0.80 6.88 0.76 6.38 1.00 0.86 O.Xl 2.15 0.22 6.1 8 0.06 
63C 8.46 0.83 8.13 0.54 8.21 0.54 6.73 0.92 5.930_4, 
63CtT11 8.54 0.00 8.280.00 8.20 0.00 6.70 0.00 -0.300.00 5.30 0.00 
tT11 7.02 0.43 7. 100.34 7.16 0.49 5.49 0.43 3.160.38 6 .16 0.19 
•T20 6.59 0.83 6.500.89 6.560.~ 4.42 0.92 6.26 O.SQ 7.22 1.01 6.090.05 
7.12 0.90 7.06 1.00 7.18 0.99 4 .94 1.10 0.220.60 ·0.300.00 3.32 0_00 6 .07 o.u 
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Week 8 /100ul r-...... ., _lt.:_,...,_n, B. thetmolplr~~et. T20 Pack .we so pUll SO l.A-!Oial so MOXSO STMSO qPCR SO ... so 
2FD 7.58 0.12 7.62 0.19 7.79 0.22 1.n o.2.t 
2C 8.32 o.u 7.99 0.26 7.940.27 7.94 0.27 s.n o.2• 
2C+T1 1 8.44 0.58 7.98 0.63 8 .07 0.68 8.07 0.68 -0.30 0.00 5.71 0.08 
27FD 7.60 0.34 7.61 0.18 7.85 0.20 5.950.50 
27C 7.53 0.S.t 7.33 O ..t9 7.52 0.63 5.95 0.50 5.75 0.27 
27C+T1 1 7.66 0.55 7.63 o.u 7.77 0.26 5.70 0.00 1.02 0.91 5.67 0.22 
75FD 7.28 1.1 7 7.940.20 7.16 1.27 6.42 1.2.( 
75C 8.11 o.u 8.32 0.12 8.12 o.u 6 .89 0.98 5.94 0.12 
75C+T11 7.25 1.i7 7.34 1.86 7.561.U 6 .50 1.05 4.12 0.36 5.99 0.31 
75C+T20 7.71 0.72 8.33 0.09 8.13 0-2' 7.19 1.22 1 .59 0.3.( 2.40 -0.02 5.96 0.19 
63C 6.85 0.:)0 8.23 0.18 8.39 0.07 6.70 0.00 5.62 0.43 
63C+T11 8.39 0.36 8 .53 M1 8.37 0.13 6.70 0.00 -0.30 OJlO 5.84 0.35 
+T11 8.06 0.32 8.12 0.33 8.12 0.21 7.49 0.30 2.96 L22 5.87 0.17 
+T20 7.40 0.86 7.22 1.30 7.12 1.10 6.1 9 1.23 5.64 0.87 5.70 0.33 5.Q6 0.12 
7.96 0.17 7.96 0.30 7.88 0.18 6.87 0.90 -0.30 0.00 -0.30 0.00 2.94 ·(1.27 6.04 0.18 
Week 8 /1 OOul K~'i·,,:f 
L~T11 8 .11Mmrt,.p1Yt:t•T20 
qPCRJ!og Pack pLAB-MRS IIoQ LA·IOC..I I loa ..;,.jloQ I ST.:..Iioa I ... 
1 2.80E+07 7.45 7.40E+07 7.87 1.32E+08 8.12 1.32E+08 8.12 6.19 
2 3.20E+07 7.51 2.60E+07 7.41 4.60E+07 7.66 4.60E+07 7.66 5.96 
3 4.90E+07 7.69 4.40E+07 7.64 5.10E+07 7.71 4.50E+07 7.65 6.07 
-----4 4.80E+07 7.68 3.70E+07 7.57 4.70E+07 7.67 4.30E+07 7.63 ~ 5 1.60E+08 8.20 5.00E+07 7.70 5.50E+07 7.74 5.50E+07 7.74 6.00 
6 1.60E+08 8.20 8.00E+07 7.90 4.70E+07 7.67 4.70E+07 7.67 5.94 
7 3.10E+08 8.49 1.10E+08 8.04 1.33E+08 8.12 1.33E+08 8.12 5.52 
~ 2.50E+08 8.40 2.10E+08 8.32 1.68E+08 8.23 1.68E+08 8.23 ~ 9 1.70E+08 8.23 5.00E+07 7.70 4.00E+07 7.60 4.00E+07 7.60 O.OOE+OO -0.30 5.80 
10 2.00E+09 9.30 8.20E+08 8.91 1. 19E+09 9.08 1.19E+09 9.08 O.OOE+OO .0.30 5.64 
11 1.30E+08 8.11 5.00E+07 7.70 5.70E+07 7.76 5.70E+07 7.76 O.OOE+OO .0.30 5.65 
12 1.30E+08 8.11 4.00E+07 7.60 7.10E+07 7.85 7.10E+07 7.85 O.OOE+OO -0.30 5.73 
29 1.50E+08 8.18 3.20E+07 7.51 5.00E+07 7.70 O.OOE+OO 6.70 5.64 
30 2.40E+07 7.38 2.90E+07 7.46 5.40E+07 7.73 O.OOE+OO 5.70 5.73 
31 3.80E+07 7.58 4.30E+07 7.63 6.70E+07 7.83 O.OOE+OO 5.70 5.66 
32 1.20E+08 8.08 7.20E+07 7.86 1.36E+08 8.13 O.OOE+OO 5.70 ~ 
33 1.50E+07 7.18 1.30E+07 7.11 1.50E+07 7.18 O.OOE+OO 5.70 5.54 
34 4.80E+07 7.68 3.20E+07 7.51 4.40E+07 7.64 O.OOE+OO 5.70 5.56 
35 1.10E+07 7.04 6.00E+06 6.78 8.00E+06 6.90 O.OOE+OO 5.70 5.76 
36 1.70E+08 8.23 8.10E+07 7.91 2.20E+08 8.34 O.OOE+OO 6.70 ~ 
37 3.90E+07 7.59 3.40E+07 7.53 4.70E+07 7.67 O.OOE+OO 5.70 1.90E+01 1.28 5.55 
38 1.70E+08 8.23 3.70E+07 7.57 3.70E+07 7.57 O.OOE+OO 5.70 2.20E+01 1.34 5.60 
39 2.10E+08 6.90E+07 1.03E+08 O.OOE+OO 5.70 O.OOE+OO .0.30 6.00 
40 1.40E+07 7.15 6.20E+07 7.79 1.14E+08 8.06 O.OOE+OO 5.70 5.80E+01 1.76 5.54 
41 
42 8.40E+05 5.92 1.50E+08 8.18 O.OOE+OO 5.70 O.OOE+OO 5.70 6.25 
43 9.80E+07 7.99 6.70E+07 7.83 7.10E+07 7.85 7.10E+07 7.85 6.00 
44 8.30E+07 7.92 6.60E+07 7.82 8.60E+07 7.93 O.OOE+OO 5.70 ~ 45 1.20E+08 8.08 2.60E+08 8.41 2.00E+OB 8.30 O.OOE+OO 6.70 6.02 
46 8.40E+07 7.92 1.40E+08 8.15 9.60E+07 7.98 O.OOE+OO 5.70 5.79 
47 1.80E+08 8.26 2.00E+08 8.30 1.12E+08 8.05 1.20E+07 7.08 5.90 
48 1.50E+08 8.18 2.50E+08 8.40 1.40E+08 8.15 1.20E+08 8.08 ~ 
49 1.50E+08 8.18 1.80E+08 8.26 1.41 E+08 8.15 O.OOE+OO 5.70 2.60E+04 4.41 6.07 
50 2.00E+04 4.30 3.60E+04 4.56 O.OOE+OO 5.70 O.OOE+OO 5.70 2.20E+04 4.34 6.26 
51 1.10E+08 8.04 1.20E+08 8.08 8.30E+07 7.92 8.30E+07 7.92 1.40E+04 4.15 5.54 
52 3.00E+08 8.48 3.00E+08 8.48 3.00E+08 8.48 O.OOE+OO 6.70 3.70E+03 3.57 6.09 
53 8.10E+07 7.91 1.70E+OB 8.23 1.20E+08 8.08 1.20E+08 8.08 O.OOE+OO -0.30 O.OOE+OO 3.32 5.75 
54 1.60E+08 8.20 2.30E+OB 8.36 2.30E+08 8.36 O.OOE+OO 6.70 O.OOE+OO .().30 1.57E+01 1.20 5.99 
55 1.20E+08 8.08 2.50E+OB 8.40 1.90E+08 8.28 1.90E+08 8.28 4.70E+03 3.67 9.80E+02 2.99 5.90 
56 4.40E+06 6.64 1.20E+07 6.50E+07 7.81 O.OOE+OO 5.70 2.00E+03 3.30 1.30E+02 2.11 6.20 
57 2.00E+07 7.30 1.50E+08 8.18 2.90E+08 8.46 O.OOE+OO 6.70 6.24 
58 O.OOE+OO 6.70 2.30E+08 8.36 2.60E+08 8.41 O.OOE+OO 6.70 5.24 
59 O.OOE+OO 6.70 9.70E+07 7.99 2.00E+08 8.30 O.OOE+OO 6.70 5.44 
60 O.OOE+OO 6.70 2.40E+08 8.38 2.50E+08 8.40 O.OOE+OO 6.70 ~ 
61 O.OOE+OO 9.80E+07 2.60E+08 O.OOE+OO O.OOE+OO • 
62 O.OOE+OO 8.70 1.80E+08 8.26 2.50E+08 8.40 O.OOE+OO 6.70 O.OOE+OO .0.30 5.50 
63 3.00E+08 8.48 1.29E+08 8.11 1.70E+08 8.23 O.OOE+OO 6.70 O.OOE+OO .0.30 6.19 
64 1.00E+08 8.00 1.70E+09 9.23 3.00E+08 8.48 O.OOE+OO 6.70 O.OOE+OO .0.30 5.84 
65 9.40E+07 7.97 7.80E+07 7.89 1.16E+08 8.06 3.20E+07 7.51 1.60E+03 3.20 5.80 
66 3.20E+08 8.51 3.30E+08 8.52 2.50E+08 8.40 6.00E+07 7.78 5.40E+03 3.73 6.11 
67 9.70E+07 7.99 1.80E+08 8.26 1.27E+08 8.10 1.20E+07 7.08 1.50E+01 1.18 5.80 
68 5.70E+07 7.76 6.30E+07 7.80 7.90E+07 7.90 4.10E+07 7.61 5.50E+03 3.74 5.75 
69 1.70E+08 8.23 1.40E+08 8.15 6.00E+07 7.78 O.OOE+OO 5.70 7.10E+06 6.85 1.50E+06 6.18 6.01 
70 7.00E+07 7.85 5.50E+07 7.74 4.00E+07 7.60 2.80E+07 7.45 O.OOE+OO 5.70 4.20E+05 5.62 5.80 
71 1.80E+07 7.26 5.10E+07 7.71 4.10E+07 7.61 8.00E+06 6.90 1.00E+05 5.00 2.60E+05 5.41 6.02 
72 1.80E+06 6.26 2.00E+05 S.30 3.00E+05 5.48 O.OOE+OO 4.70 1.00E+05 5.00 3.70E+05 5.57 6.07 
73 6.00E+07 7.78 4.60E+07 7.66 5.20E+07 7.72 O.OOE+OO 5.70 O.OOE+OO -0.30 O.OOE+OO -0.30 1.50E+02 2.18 6.05 
74 8.00E+07 7.90 6.00E+07 7.78 5.80E+07 7.76 5.80E+07 7 .16 O.OOE+OO .0.30 air 8.90E+02 2.95 6.17 
75 1.55E+08 8.19 2.10E+08 8.32 1.28E+08 8.11 2.10E+07 7.32 O.OOE+OO .0.30 O.OOE+OO -0 .30 O.OOE+OO 3.32 6.17 
76 9.40E+07 7.97 ~8.08 ~7.91 ~6.70 O.OOE+OO -0.30 O.OOE+OO -0.30 o.ooe.oo 3.32 5.78 
191 
(3.1A contd.) 
2C 7.98 0.39 7.74 0.21 7.920.36 7.92 0.36 5.69 0.17 
2C+T11 7.69 0.19 7.55 0.25 7.75 0.2-" 7.75 0.24 -0.30 0.00 5.65 0.11 
27FD 
27C 7.&1 0 . .(9 7.69 0.31 7.95 0.-42 5.70 0.00 5.76 0.2• 
27C+T11 7.84 0.21 7.78 0.13 7.90 0.16 6.03 0.58 0.91 0.27 5.98 0.29 
75FD 
75C 8.27 0.17 8.06 0.19 8.15 0.12 6 .68 2.10 5.92 0.15 
75C+T11 7.65 1.21 7.50 1.26 7.59 1.22 6.81 1.36 4.24 0.84 6 .02 0.20 
75C+T20 8.24 0.14 8 .19 0.21 8.24 0.16 7.81 0.75 2.70 0.-41 3.30 ..0.28 5.86 0.2-" 
63C 7.58 ua 8.11 0.27 8.07 0.25 6.37 0.58 5.82 0.37 
63C+Tl 1 8.23 0.1-4 7 .94 0.15 8.21 0.55 7.39 1.20 -0.30 0.00 5.76 0.22 
+T11 8.11 0.34 7.91 0.22 8.07 0.24 7.59 0.30 2.76 1.27 5.86 0.02 
+T20 7.570.66 7.410.88 7.53 0.82 6.67 0.84 5.59 1.33 5.87 1.23 5.85 0.20 
8.09 0.35 7.85 ou 7.98 0.33 6.89 0.80 -0.30 0.00 1.80 0.20 3.29 -1 .24 5.97 0.13 
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Week 12 /100ul ~;.;,: ·~L~r,, 
S.tMnno.ph.cr.T20 
Pack ,_,.., ..... so l.A-Io~ SD MOXSO STAA SO QPCR SO H SO 
2FD 8 .17 0.19 7 .56 0.35 7.75 0.47 7.38 0.~ 
2C 8 .16 0.33 7.87 0.20 7.Q8 0.12 7.98 0.12 5.74 0.1 4 
2C+T11 8 .06 0.21 7 .78 0.17 7.75 0.13 7.60 0.1-4 ·0.300.00 5.76 0.16 
27FD 7.64 0.58 7.79 0.17 8.08 0 .2~ 7.450.50 
27C 7.16 0.46 7.40 0.40 7 .47 0.36 6.700.00 5.790.l2 
27C+T11 7.40 0.13 7.no.l2 7 .970.20 7.03 0.58 0.28 0.57 5.91 0.27 
75FD 8.25 0.40 7 .960.27 7.89 0.31 6.62 0.67 
75C 8 .24 0.08 8.14 0.16 8.12 007 8.07 0.13 5.94 0.16 
75C+T11 7.98 0.53 7.82 0.611 8.040.42 7.&J 0.58 4.45 1.27 6.030.17 
75C+T20 8.15 0.14 8 .27 0.15 8.29 0.22 8.11 0.30 2.41 050 4.17 0.22 5.99 0.19 
63C 7 .96 0 49 8 .09 0.24 8 .14 018 6.67 0.06 5.900.30 
63C+T11 7. 19 1.01 7 .84 0.16 7.87 0.30 6.37 0.58 -o.30 0.00 5.890.12 
+T11 8.02 0.36 7.92 0.46 8 .040.35 5.95 0.50 2.65 1.17 5.98 0.10 
+T20 8.06 0.30 7.01 1.71 8.00 0.34 5.70 0.00 4.02 0.47 6.01 0.59 5.93 0.12 
7.83 0.35 7.91 0.34 7.94 0.42 6.58 1.18 ·0.30 0.00 0.75 0.32 2.92 -0.10 6.04 0.13 
Week 12 /100ul ~.I. ~D:'i:?ol 
L~T11 B. lhennHpn.ctll T20 
Pack pl.AB·MRS loa LA·1Clll ll loa MOXhoo STMhoa I qPCRhoa pH 
1 2.10E+08 8.32 6.30E+07 7.80 1.72E+08 8.24 4.90E+07 7.69 5.84 
2 1.90E+08 8.28 1.10E+07 7.04 1.30E+07 7.11 4.00E+06 6.60 5.85 
3 7.80E+07 7.89 5.90E+07 7.77 8.30E+07 7.92 3.20E+07 7.51 5.93 
~ 
1.50E+08 8.18 4.20E+07 7.62 5.40E+07 7.73 5.40E+07 7.73 ~ 
4.70E+07 7.67 4.90E+07 7.69 8.90E+07 7.95 8.90E+07 7.95 5.79 
6 2.10E+08 8.32 1.30E+08 8.11 1.30E+08 8.11 1.30E+08 8.11 5.90 
7 1.80E+08 8.26 9.00E+07 7.95 1.07E+08 8.03 1.07E+08 8.03 5.57 
~ 2.40E+08 8.36 5.20E+07 7.72 6.80E+07 7.8
3 6.80E+07 7.83 ~ 
9 t .80E+08 8.26 1.00E+08 8.00 6.20E+07 7.79 3.30E+07 7.52 O.OOE+OO -0.30 5.96 
10 1.50E+08 8.18 6.40E+07 7.81 3.60E+07 7.56 3.60E+07 7.56 O.OOE+OO .0.30 5.72 
11 6.00E+07 7.78 3.90E+07 7.59 6.30E+07 7.80 3.40E+07 7.53 O.OOE+OO .0.30 5.57 
12 1.30E+08 8.11 5.30E+07 7.72 6.80E+07 7.83 6.50E+07 7.81 O.OOE+OO -0.30 5.n 
29 1 .90~+07 7.28 8.20~+07 7.91 2.00~+08 8.30 O.OOE+OO 7.70 5.60 
30 2.30E+08 8.36 3.50E+07 7.54 1.30E+08 8.11 O.OOE+OO 7.70 5.81 
31 1.20E+07 7.08 7.20E+07 7.86 5.60E+07 7.75 O.OOE+OO 6.70 5.70 
32 7.20E+07 7.86 7.30E+07 7.86 1.50E+08 8.18 O.OOE+OO 7.70 ~ 
33 1.90E+07 7.28 1.10E+07 7.04 2.20E+07 7.34 O.OOE+OO 6.70 5.62 
34 2.40E+07 7.36 3.60E+07 7.56 3.40E+07 7.53 O.OOE+OO 6.70 5.67 
35 3.00E+06 6.48 1.30E+07 7.11 1.20E+07 7.08 O.OOE+OO 6.70 5.76 
36 3.10E+07 7.49 7.80E+07 7.89 8.70E+07 7.94 O.OOE+OO 6.70 _____g 
37 2.20E+07 7.34 3.30E+07 7.52 5.40E+07 7.73 O.OOE+OO 6.70 2.00E+00 0.30 5.62 
38 2.80E+07 7.45 8.90E+07 7.95 1.30E+08 8.11 O.OOE+OO 6.70 O.OOE+OO .0.30 6.15 
39 1.10E+08 2.00E+08 2.30E+08 O.OOE+OO O.OOE+OO 
40 4.00E+07 7.60 6.80E+07 7.83 1.12E+08 8.05 O.OOE+OO 7.70 7 .OOE+OO 0.85 5.96 
41 1.80E+08 8.26 1.50E+08 8.18 1.40E+08 8.15 O.OOE+OO 5.70 6.01 
42 6.90E+07 7.84 5.20E+07 7.72 3.60E+07 7.56 O.OOE+OO 6.70 5.99 
43 6.10E+08 8.79 5.40E+07 7.73 5.00E+07 7.10 6.00E+06 6.78 5.99 
44 1.30E+08 8.11 1.60E+08 8.20 1 .49E+08 8.17 2.00E+07 7.30 ~ 
45 2.00E+08 8.30 1.00E+08 8.00 1.20E+08 8.08 8.00E+07 7.90 6.04 
46 1.40E+08 8.15 1.00E+08 8.00 1.61E+08 8.21 1.61E+08 8.21 5.81 
47 1.60E+08 8.20 1.80E+08 8.26 1 .1 OE+08 8.04 1.10E+08 8.04 5.80 
46 2.10E+08 8.32 2.00E+08 8.30 1 .40E+08 8.15 1.30E+08 8.11 ~ 
49 9.00E+07 7.95 1.40E+08 8.15 9.30E+07 7.97 O.OOE+OO 6.70 3.1 0E+04 4.49 5.98 
50 2.00E+07 7.30 6.10E+06 6.79 3.20E+07 7.51 3.20E+07 7.51 1.70E+06 6.23 6.18 
51 1.20E+08 8.06 1.24E+08 8.09 1.60E+08 8.20 1.20E+08 8.08 3.30E+03 3.52 5.81 
52 3.90E+08 8.59 1.80E+08 8.26 3.1 OE+08 8.49 O.OOE+OO 7.70 3.70E+03 3.57 6.15 
53 t .OOE+08 8.00 1.90E+08 8.28 1.22E+08 8.09 1.22E+08 8.09 O.OOE+OO ·0.30 1.88E+02 2.27 5.78 
54 1.60E+08 8.20 2.60E+08 8.41 3.40E+08 8.53 2.50E+08 8.40 O.OOE+OO ·0.30 5.97 
55 1.80E+08 8.26 1.30E+08 8.11 1.80E+08 8.26 1.80E+08 8.26 5.20E+04 4.72 7.10E+04 4.85 5.97 
56 4.20E+08 4.60E+08 4.60E+08 O.OOE+OO 7.70 3.50E+05 5.54 2.50E+05 5.40 6.24 
57 2.90E+07 7.46 8.20E+07 7.91 9.80E+07 7.99 O.OOE+OO 6.70 6.25 
58 2.70E+08 8.43 2.30E+08 8.36 2.20E+08 8.34 O.OOE+OO 6.70 5.75 
59 8.00E+07 5.50E+07 6.00E+07 2.00E+06 • 
60 1.00E+08 8.00 1.00E+08 8.00 1.18E+08 8.07 4.00E+06 6.60 ~ 
61 4.70E+07 2.20E+08 • 2.80E+08 O.OOE+OO' O.OOE+OO' 
62 3.00E+06 6.48 9.00E+07 7.95 1.20E+08 8.08 O.OOE+OO 6.70 O.OOE+OO .0.30 5.79 
63 2.40E+07 2.t0E+08 1.30E+08 O.OOE+OO 6.70 O.OOE+OO .0.30 6.03 
64 8.00E+07 7.90 5.30E+07 7.72 4.50E+07 7.65 O.OOE+OO 5.70 O.OOE+OO .0.30 5.86 
65 5.70E+07 7.76 2.20E+07 7.34 4.60E+07 7.66 O.OOE+OO 5.70 4.90E+02 2.69 5.94 
66 3.40E+08 8.53 2.50E+08 8.40 2.70E+08 8.43 O.OOE+OO 6.70 1.00E+04 4.00 6.12 
67 1.10E+08 8.04 1.40E+08 8.15 1.66E+08 8.22 O.OOE+OO 5.70 1.40E+01 1.15 5.96 
68 5.90E+07 7.77 6.50E+07 7.81 7.30E+07 7.86 O.OOE+OO 5.70 6.00E+02 2.78 5.90 
69 1.20E+08 8.08 6.90E+07 7.84 1.62E+08 8.21 O.OOE+OO 5.70 O.OOE+OO 3.70 5.60E+06 6.75 6.00 
70 2.10E+08 8.32 3.00E+04 4.48 1 .15E+08 8.06 O.OOE+OO 5.70 O.OOE+OO 3.70 4.60E+05 5.66 5.86 
71 1.60E+08 8.20 1.70E+08 8.23 1.63E+08 8.21 O.OOE+OO 5.70 1.00E+04 4.00 1.60E+06 6.20 6.05 
72 4.40E+07 7.64 3.10E+07 7.49 3.20E+07 7.51 O.OOE+OO 5.70 O.OOE+OO 4.70 2.70E+05 5.43 5.79 
73 2.70E+07 7.43 3.30E+07 7.52 2.90E+07 7.<16 O.OOE+OO 5.70 O.OOE+OO -0.30 O.OOE+OO ·0.30 O.OOE+OO 3.32 6.04 
74 2.50E+08 1.30E+08 2.00E+08 O.OOE+OO 6.70 O.OOE+OO .().30 8.20E+03 3.91 5.16E+01 1.71 6.13 
75 1.12E+08 8.05 1.40E+08 8.15 1.60E+08 8.20 1.60E+08 8.20 O.OOE+OO .().30 O.OOE+OO ·0.30 O.OOE+OO 3.32 6.13 
76 1.02E+08 8.01 1.20E+08 8.08 1.47E+08 8.17 O.OOE+OO 5.70 O.OOE+OO -0.30 O.OOE+OO -0.30 O.OOE+OO 3.32 5.85 
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B. Results from an improved methodology that used destructive tissue sampling; 
LAB seeding using streptomycin-resistant natural mutants; analysis of seed LAB 
populations using selective media; and analysis of target strains using selective 
media and qPCR. 
Streptomycin resistant (smr, s) strains of LAB shown to be inhibitory to target strains by agar-
stab assays (see Chapter 2) were seeded onto boned lamb shoulders eo-seeded with target 
strains, vacuum-packaged and stored for 12 weeks at -1.5 °C. Packs were seeded at 1 x 106 
cfu cm·2 and 1 x 103 cfu cm·2 for LAB and 1 x 102 cfu cm·2 for target strains. Half of the packs 
seeded with B. thermosphacta were also inoculated with 1 ml 20% sterile skim-milk (sm) in 
saline. After 12 weeks storage, packs were opened, excision samples removed and analysed 
for microbial populations. Anaerobic plate counts (AnPC) and presumptive LAB counts 
(pLAB) were assessed on (respectively) PCA and MRS agars incubated at 25 oc for 48 h. For 
L. monocytogenes experiments, seed LAB populations were quantified on MRS agar 
containing 500 f!g ml- 1 streptomycin sulphate and L. monocytogenes populations were 
quantified on MOX agar with supporting data collected using qPCR. For B. thermosphacta 
experiments, seed LAB populations were quantified by subtracting B. thermosphacta counts 
from total streptomycin-resistant populations measured on LA agar containing 500 f!g ml-1 
streptomycin sulphate. B. thermosphacta populations were measured using qPCR. Five 
replicate packs were used for each variation. 
Asterisk (*) = not tested 
smr = streptomycin resistant strain 
Hi =seeded with -3000 cfu cm·2 LAB 
Lo =seeded with -30 cfu cm·2 LAB 
sm = skim milk 
NoT = no target strain 
sLb706 = sm' L. sakei Lb706 
sLb706b = sm' L. sakei Lb706b 
s27 = sm' L. sakei 27 
s63 = sm' L. sakei 63 
s44 = sm' L. sakei 44 
s76 = sm' L. sakei 23K 
s75 = sm' Le. laetis 75 
s 122 = sm' Le. laetis 122 
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B.l L. monocytogenes 11 and 18 populations on lamb seeded with 
L. sakei Lb706 or L. sakei Lb706b 
L. monocytogenes 
AnPC SD MOX so PCR so 
Hi sm' Ls706 vs 11 7.69 0.12 1.89 0.73 3.32 0.00 
Lo sm' Ls706 vs 11 7.15 0.30 6.90 0.29 6.82 0.27 3.32 0.58 3.32 0.00 
Hi sm' Ls706 vs 18 7.78 0.13 7.60 0.26 7.68 0.20 3.33 1 06 3.32 0.00 
Lo sm' Ls706 vs 18 7.17 0.24 7.02 0. 11 7.08 0.18 4.11 0.90 5.67 0.83 
Hi sm' Ls706b vs 11 7.64 0.63 7.27 0.44 7.47 0.29 2.55 1.37 3.66 0.76 
Lo sm' Ls706b vs 11 7.45 0.13 6.78 0.23 6.96 0.11 3.65 0.44 3.32 0.00 
Hi sm' Ls706b vs 18 7.43 0.30 7.37 0.31 7.39 0.43 3.41 1.33 3.78 1.03 
Lo sm' Ls706b vs 18 7.13 0.58 5.97 0.59 6.09 0.41 4.38 0.95 4.53 1.72 
No Ls vs 11 6.83 0.59 2.68 0.64 1.60 0.00 3.52 0.73 3.32 0.00 
Nolsvs 18 7.10 0.47 3.33 0.78 3.19 1.23 4.53 0.65 4 .05 1.45 
Hi sm' Ls706 vs NoT 7 .63 0.17 7 .54 0.17 7.68 0.22 1.02 0.00 
Lo sm' Ls706 vs NoT 7.32 0.16 6.91 0.31 6.95 0.38 0.88 0.31 
Hi sm' Ls706b vs NoT 7 .73 0.20 7 .00 0.57 7.21 0.60 0.82 0.45 
Lo sm' Ls706b vs NoT 7.02 0.43 6.34 0.36 6.56 0.35 1.02 0.00 
No Ls vs NoT 6.84 0.56 1.42 0.55 1.02 0.00 1.02 0.00 3.32 0.00 
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' 67 ' 
1.£+07 7.14 " ' 8.£+061.11 55 ' " ' 
4.£+03,3.57 
Ml (1~;:.~~1>1W " " ' ~~ .. T" " ' ~~·Or " ' ... l .. " ' ,, .. TM " " ' e .e..o77.71 " ' 7.E+077M " ' 7.£+071.15 " 0 3.£+02 2.52 " ' '" 3 1.9£+06 1.3E+04 ' 0 9.£+01 5.£·01 " ' 5.£+077.77 20 ' 4.£+07 7.12 22 ' 5.£+077.11 " 2 3.£+04 4.43 L.mooocytogenes\8 ' " ' 5.£+071.11 " ' 3.£+077."3 " ' 4.£+077.10 ' 0 8.£+01 1.12 ' " ' 5.£+077." " ' 2.£+077.25 " ' 3.£+011.'0 " ' 5.£+03 3.72 o 10"3)1Lbrw ' " ' ~, .. T .. 78 . 2.£+07,7.21 " ' ,, .. r. " ' ·~ .. TM (sak-A) ' ,., ' 2.£+077..32 " ' 1.£+07 7.01 " ' 2.£+07 7.23 " 0 4.£+022.14 ' " ' 1.7£+03 1.1£+01 9 0 9£+01 5.£-0\ " ' 8.E.otii.H " ' ~:!:~J ::: " ' 7.E.otiUI "" ' 7.£+044.12 L monoeytogenes 18 ' ., ' 8.E.otiU2 " ' ., ' 9.E~ U4 '" 0 1.£+044.00 2 " 5 2.£+077.-'2 " ' 58 ' 1.£+077.01 500 ' 1.£+051.02 Hi (10~1)1Lb706b " " ' ,, .. l , " ' ···~1r " ' 3E.07r2 3 0 ''111" (uk-) 22 30 5 15.£+077.10 " ' 7.£+015 1.15 57 ' 1.£+07 7.07 22 2 5.E+04UI ~ 2 56 3 5.15£+05 3.7£+03 ' 0 !1£+01 6.£-0\ " ' S.E+OISU-1 " ' 2.£+07 7.25 .. ' 2.£+07 7..30 73 0 2.£+033.11 L.ll'IOII«)''og-.s11 2 " ' 4.E+077.s7 " ' 7.E+OG I .12 " ' 4_£+()7 7.10 ' 0 2.£+()1 1..32 2 " ' 3.£+081.43 " ' 5.£+07 7.U " ' 7, £+()7 7~ 3 0 6.E+01 UO 0 (1 0~3) "'- 7011ib 2 '" ' 2.0lH " ;:::1:::: " ~~"''!'" 57 0 \. +0313.07 (Uk·) 2 "' ' .£+077.35 " ' 520 3 1.£+077.03 "' 0 4.E+03UI 2 " 0 3.0£+02 2.0£+00 ' 0 9.£+01 6.£·01 " ' 3.£+07 7.40 " ' 4.£+0151.57 " ' 1.E+071.U " ' ~:~~! : ::: Lmonocytopenu11 2 22 5 5.E+07 7.M " ' 1.£+077.10 " ' 1.£+07 7.0-5 500 0 " 5 3.E+07 7.o " ' 4.E+Oi51.Sl " ' 9.E+OISU7 " ' 1.£+04,4.14 
1( 1 0~!!:.)'"'"' " " ' 4. +0717.M " ' 4.E+07r.IO " ' ~:~~~j!:!; " ' .... r, 
E 
202 ' •.e.oT" "' ' 3.E+07 7Ji1 " ' " 0 3.£+022.12 56 3 5.!5£+05 3.7£+03 9 0 9.£+01 15.£-01 " ' 9.£+015 1.14 " ' 7.E+Oi5
1
1.M " ' H~1;~: 
>25 2 3.£+05 5.42 
Lll'IOII«)''og..-!111 18 >03 ' 2.£+07 7.33 "' ' 3.E+077M "' ' " 
0 3.£+02 2.52 . " ' 4.£+07 7.10 " 5 3.£+077 ... " 5 " 0 3.£+02 2."3 LO 10 ~:J)~Ot0G " ' ·~!'" " 3 3··r· 29 3 ~:~: j:~: " ' ,, .. T .. (u.k-) ~ " ' 3.E+07UO " ' 2.£+0151.31 " ' 200 0 4.£+03:1.12 "' 0 3.0£+02 2.0£..00 9 0 !1.£+01 15.£-01 57 ' 1.£+07 7.07 22 2 5.E+Q.t i ,M " 2 H:E1:: 500 2 1.£+015 1.02 L~srs " ' 1.£+077.02 "' ' 15.£+0(1 1.10 " ' 300 0 15.£+03'-10 " ' 4.£+077.10 " ' 3.£+0(11.52 " ' " ' 2.E+04 1.1t No lAB " " 3 9.£+055.» 0 ' OE·~r 0 0 oe.ol" " ' 3 .e~!l !.u " ., ' 8.E+0e u2 " 0 5.E+022.t.s 0 0 0.£+001.02 " ' LmonccylogMe.s 11 ' 9 0 9.£+01 6.£·01 330 3 7.£+0!51.14 " 0 7.£+02 2.14 0 0 0.£+00 1.02 ' ' : : ~~; 1;:: ' " ' 8.E+OI5 1.to 205 0 ~ . E+03:J.U " ' 9.£+033.13 "' ' !-~~~ 1 :::! ' " ' 4.E+077.57 7 0 1.£+022.11 0 0 0.£..001.02 2 ' No lAB ' " ' L.OT= 0 ' 0. •0012m 0 0 o.e..oop .o2 " ' ,, .. iJj" ~ . " 5 5.£+077.11 " ' 1.£-.0.. 3.» " ' ;:~~;1:::: '"" ' 3.£+055.40 Lmonoc:yiOgllrlu \8 ' , 0 9E+Ot 15 .£·01 " ' 8.E+OI5 U1 92 0 2.£+03 3.21 " ' 59 ' 1.£+04 1.01 . " ' 3.£+071.40 27 ' 6.£+03 3.75 " ' ~:~~~1 ::~: 20 2 4.£+04 4.12 " ' 3.£+015 1 ... " ' 4.E+03 3.to " ' 320 ' 7.£+04 4.12 HI ( 10~t) 1lb1Q6; " 30 ' .... T .. " ' 3 '.1i l~" " ' 5.E+0717.n 0 0 oe·T~ (Sali·A.) ~ " ' 3 £+077.40 90 ' 2.£+077.27 " 5 2.£+07 7.)1 0 0 0.£+001.02 194 3 1.9£+015 1.3£.04 "' ' 4.£+077.12 " ' 5.E+077.U. " ' 8.£+07 7.10 0 0 0.£+001.02 Notargel :' " ' 15.E+077.11 " 5 4.£+07 7.14 " ' 15.£+0717.77 0 0 0.£..001.02 " ' 4.E+077.SS 20 ' 4.£+07 7.12 " ' 5.£..0717.70 0 0 0.£+00 1.02 Lo(1o~s) ~ LD7()6; "' ' ~~ .. r· " ' .. ol .. " ' :~ .. T .. 0 0 ~-;..001 1 .02 (sak-A) 
~ " ' 
3.£+07 7.43 " ' 4.£+0(1 1.55 " ' 3.E+OI5U2 ' ·• ,,.I, " ' 1.7E+03 1.1£+01 " ' t.E+077.ot 20 ' 4.£+015 1.12 " ' 5.£+015 1.70 0 0 0.£+00 1.02 Ne~targe1 " 5 3.£+077."3 90 ' 2.£+077.27 " ' 3.£+077.52 0 0 0.£..00 1.02 " ' 2.£+()7 7.31 " ' 1.£+07 7.01 " ' 1.E+0717.0ol 0 0 o.e+00 1.02 Hi(1 0"15)alb706b " " ' .... T .. "' ' , ... ,T .. " ' ,, .. l,. 0 0 oe·T~ (u.k-) " " ' 3.E+07 1.4t " ' 7.£-.(l(II.M " ' 1.£+077.12 0 ·• 0.£..00 0.02 ~ ' " 3 5.15£+05 3.7£+03 " ' 5.£+077.70 " ' 3.£-.077.43 " ' 2.£+077..111 0 0 0.£..001.02 No1arge1 ' " ' 4.E+077.to " ' 2.£+077.25 " 5 ~ .£+077.55 0 0 0.£+00 1.02 ' " ' B.E+077.tz 55 3 1.£+0151.01 " 3 2.£+061.22 0 0 0.£+001.02 o (10~:J)~D/06D " ' ~-~+06 U7 " 3 6. -.0515.11 " 3 ;:~:[:::~ 0 0 ''l~ (sa~·) ~ " 5 3.£+077.41 "' 3 2.E+Oi5U. " ' 0 0 0.£.001.02 " 0 30Eo02 2.0E..OO " ' 4.E+OI5 1.SS 75 3 2.E·:r:·" " ' 3.£+015(152 0 0 0.£.00 1.02 No1arge1 70 ' 1.£+077.11 " . 5.£-.0151.11 " ' ~:~:: !:!: 0 0 0.£..001.02 7 " ' 2.E+07 7.:M " ' 5.E+Oi5UI " ' 0 0 0.£..001.02 NGLA B " " 3 2.£+015 1.25 0 ' ,,.T~ 0 0 OE.OOr07 0 0 oe.oo~ · ~ 72 ., . t.E+07 7.to 0 0 0.£+00 1.02 0 0 0.£..00 1. 2 0 0 0.£..00 1.02
No1arge1 7 " ' 1.£+07 7.14 ' 0 1.£+022.02 
0 0 0.£.001.02 0 0 0.£.+()()1.02 
7 .. 3 ;:~:1!:!: 0 0 0.£+00 1.02 0 0 0.£..001.02 0 0 0.£..00 1.02 7 " ' 0 0 0.£+00 1.02 0 0 0.£.001 .02 0 0 0.£..00 1.02 
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:qPCAtm km>! .. 
:o.e .. oo , .... T, 
:o.E+OO O.E+003.32 
:o.e .. oo O.E..003.32 
:o.E+OO O.E+003.32 
:o.E+OO O.E+003.32 
: O.E+OO 0·, • .,1,; 
: O.E+OO O.E+003.32 
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: 0.£+00 0.£+003.32 
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0. +00 ,,.T, 
0.£+00 0.£+003.32 
2.£+05 4.£+055.63 
0.£+00 O.E+OO 3.~2 
0.£+00 0.£+00 3.~2 
0.£+00 o_ .. T3~ 
3.£+05 15.£+055.75 
0.£+00 













o.e.oo 0 .£+003.32 
B.2 B. thermosphacta 20 growth on lamb seeded with Le. lactis 75 and 122 with 
and without complementation with milk extract. 
AnPC SD 
Hi VS 20 7.87 0.27 
Hi sm'75 vs 20sm 7.71 0.41 
Lo sm'75 vs 20 7.96 0.26 
Lo sm'75 vs 20sm 7.89 0.36 
Hi sm'122 vs 20 7.47 1.00 
Hi sm'122 vs 20sm 7.75 0.86 
Lo sm'122 vs 20 8.05 0.23 
Lo sm' 122 vs 20sm 7.91 0.41 
No sm'75 vs 20 7.84 0.36 
No sm'75 vs 20sm 7.86 0.42 
Hi sm'75 vs NoT 8.27 0.32 
Hi sm'75 vs NoTsm 
Lo sm'75 vs NoT 5.85 3.07 
Lo sm'75 vs NoTsm 
Hi sm'122 vs NoT 8.08 0.15 
Hi sm'122 vs NoTsm 
Lo sm'122 vs NoT 7.89 0.18 
Lo sm'122 vs NoTsm 
No sm'122 vs NoT 8.02 0. 16 
No sm'122 vs NoTsm 8.19 0.14 
2.47 
4.17 2.19 2.15 2.97 
5.65 2.60 0.98 2.18 
4.57 2. 12 0.00 0.00 
2.83 1.78 0.00 0.00 
4.81 2.42 0.00 0.00 
4.32 2.58 1.08 2.42 
4.70 2.45 0.00 0.00 
5.56 2.55 0.00 0.00 
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3.2 Ability of antimicrobial LAB identified using agar-stab assay to grow on vacuum-
packed chill-stored beef and restrict the development of specific target 
populations. 
LAB were seeded onto beef striploin steaks and eo-seeded with target strains, vacuum-
packaged and stored for 12 weeks at -1.5 oc. Packs were seeded at 1 x 106 cfu cm-2 and 1 x 
103 cfu cm-2 LAB and eo-seeded with 1 x 102
 cfu cm-2 target strain for those strains capable of 
growth at -1.5 oc (i_e_, L. monocytogenes, B. thermosphacta and Cl. estertheticum) and 1 x 
103 cfu cm-2 for target strains capable of survival but not growing at -1.5 oc (i_e., E. coli 
0157:H7 and C. jejuni). After storage, packs were opened, excision samples removed and 
analysed for microbial populations. Anaerobic plate counts (AnPC) and presumptive LAB 
counts (pLAB) were assessed on (respectively) PCA and MRS agars incubated at 25 oc for 
48 h. For L. monocytogenes, E. coli and C. jejuni experiments, seed LAB populations were 
quantified on MRS agar containing 500 f!g ml-
2 streptomycin sulphate. L. monocytogenes 
populations were quantified on MOX agar with supporting data collected using qPCR. 
C. jejuni survival was determined from microscopy of colonies obtained on mCCD agar after 
enrichment in Bolton Broth. E. coli 0157:H7 survival was determined from colonies observed 
on ct-SMAC agar after enrichment in mEC+Novobiocin broth. Cl. estertheticum populations 
were determined by qPCR and associated gas production determined by scoring packs for 
bubbles during storage. For B. thermosphacta experiments, seed LAB populations were 
quantified by subtracting B. thermosphacta counts from total streptomycin-resistant 
populations measured on LA agar containing 500 f!g ml-
1 streptomycin sulphate. 
B. thermosphacta populations were measured using qPCR. Five replicate packs were used for 
each variation. 
A. Inhibitory activities of L. sakei Lb706 and L. sakei Lb706b against 
L. monocytogenes. 
L. monocytogenes 
An PC SD pLAB SD MOX so qPCR so 
Hi sm'Lb706 vs T11 6.62 0.43 6.67 0.49 1.B2 0.28 
Lo sm'Lb706 vs T11 5.74 0.49 5.06 0.61 5.07 0.47 1.32 0.99 not done 
Hi sm'Lb706 vs T18 6.BO 0.67 7.12 0.14 6.B2 0.39 1.47 0.78 (no growth) 
Lo sm'Lb706 vs T18 4.99 0.72 4.26 0.65 4.36 0.74 1.4B 0.55 
Hi sm'Lb706b vs T11 7.06 0.23 7.14 0.34 7.15 0.17 1.02 0.00 
Lo sm'Lbs706b vs T11 5.52 0.12 5.B3 0.07 5.57 0.03 1.17 0.21 
Hi sm'Lb706b vs T18 7.43 0.10 7.23 0.29 7.27 0.02 0.77 0.64 
Lo sm'Lb706b vs T18 6.68 0.41 6.78 0.41 6.65 0.42 1.38 1.49 
No LAB vs T11 3.57 3.17 4.15 1.71 1.80 0.48 1.34 0.50 
No LAB vs T18 2.89 0.79 2.50 0.59 2.65 0.55 0.78 0.40 
Hi sm'Lb706 vs NoT 6.35 0.58 6.42 0.46 6.49 0.14 0.68 0.58 
Lo sm'Ls706 vs NoT 4.36 1.03 4.30 1.09 4.39 1.04 1.02 0.00 
Hi sm'Lb706b vs NoT 4.79 4.15 7.23 0.08 7.2B 0.12 1.02 0.00 
Lo sm 'Lb706b vs NoT 6.06 0.92 6.03 1.00 6.09 0.95 1.02 0.00 
No LAB vs NoT 3.76 1.38 3.05 1.69 2.02 0.00 1.02 0.00 
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Raw Data 
A2·BEEF r.'II<Ooooo!_J_ r:~(wk·b- . ~ L monocytogMM ~· :peA ---~~;;~·r~e-~~W \':"d7:~ ,:'X) lcm2' pLAB Troatment Px ""~ km2' lloo ctu dlln lcm21hoa :C:· 'ill dlli , .,. clu diln lcm2' hoa : std-PCR I 
Hi(10"6)s706 1 13 4 3Et06 20 o4 4.E...OS 25 4 5.E+06 0 0 O.E+OO 
[LAB-seeded samples L t !fStcld 
(sak-A) 2 5 4 1.E+06 5 4 1.E+06 30 3 S.E+OS 0 0 O.E+OO 
" 3 34 4 3.4E+06 1.1E+04 99 ·1 1.E+02 3.E-o1 16 3 3.E+05 26 3 S.E+OS 34 3 7.E+05 0 0 o.E..oo L. monocytogenes 11 4 1 5 2.E+06 U2 5 5 1.E+07 7.02 15 4 3.E+06 &.49 2 0 4.E+01 1.152 :because unseeded controis(pks 
' 4 5 a.E+06 6.92 1 5 2.E+06 6.32 35 4 7.E+06 o ... 0 0 O.E+OO 2.02 :showed Lm not ro>Mng_onbeef Lo (10"3) s705 0 12 3 
3.E•Ol 40 
15 3 3.E+OS 5.49 122 
23.E.Ol 41 
2 · 1 .... T .. (sak-A) 7 1 3 2.E+04 0 3 O.E+OO 1 3 2.E+04 0 0 OE+OO 
" 20 1 2.0E+<l3 6.7E+OO 99 ·1 t .E+02 3.E-ot 0 3 O.E+OO 0 3 O.E+OO 0 3 O.E+OO 0 0 O.E+OO L. monocytOQenes 11 ' 0 3 O.E+OO 0 3 O.E+OO 0 3 O.E+OO 0 0 O.E+OO 1 59 3 1.E+06 &.ot 206 1 -4.E+04 ... , 26 2 5.E+04 4.73 0 0 O.E+OO 2.02 
Hi(10"6)s705 11 9 5 
2.E•Or27 
8 






(sak-A) 12 1 5 2.E+06U2 5 s 1.E+07 1.02 17 4 4.E+<l6&.ss 0 0 O.E+OO 2.02 
" 13 34 4 3 .• E+<l6 1.1E+04 157 -1 2.E+02 5.E..01 10 3 3.E+05 9 3 2.E+OS 10 3 2.E+05 0 0 O.E+OO L. monocyte>geMS 18 14 6 3 1.E+05 8 3 2 .E+OS 9 3 2.E+OS 0 0 O.E+OO 
" 20 3 4.E+05 24 3 S.E+OS 35 3 7.E+OS 0 0 O.E+OO Lo (10"3) 11706 " 17 3 4.E.ol" 42 2 9 .E+04 4 ... 65 2 1E.OSI' 13 59 ·1 1E.o21'~ 
I 
(sak-A) 1 .. 2 2.E+05 5.24 22 1 S.E+03 '-" 22 1 5.E+03 3.66 1 0 2 . +011.32 
" 1 20 1 2 .0E+03 6.7E+OO 157 · 1 2 .E+02 S.E-ot 73 1 2.E+04 4.1 8 70 t t .E+04 4.1 5 91 1 2.E+04 4.28 0 0 O.E+OO 1.02 L. monocytogen.s18 " 0 3 O.E+OO 0 3 O.E+OO 0 3 O.E+OO 0 0 O.E+OO 2 0 3 O.E+OO 0 3 o .E+OO 0 3 O.E+OO 0 0 O.E+OO 
Hi (10"5) 11706b 21 30 4 
6E•061 
55 4 t .E+07 69 
41E.071 
0 0 O.E+OO 
I 
(sak-) 22 8 5 2. + 7 7.22 7 5 1.E+07 7.15 79 4 2.E+07 7.22 0 0 O.E+OO 1.02 
" 23 36 3 3.6E+05 1.2E+03 99 ·1 t.E+02 3.E-Q1 3 5 6.E+06 1.ao 3 S 6.E+06 0.00 43 4 9.E+06 1.95 0 0 O.E+OO 1.02 L. monocytogen•s 11 24 7 5 t.E+07 1.11 14 S 3.E+07 7.45 89 4 2.E+07 7.27 0 0 O.E+OO 102 
" 62 3 1.E+06 78 3 2 .E+06 18 4 4.E+06 0 0 O.E+OO l o (10"3) 11706b " 4 3 8E•~ ~ 10 3 2 .E+05 9 3 2E.051 0 0 OE.OOI 
I 
(snk-) 2 1 3 2. +04 1 3 2.E+04 1 3 2.E+04 0 0 . +O  
" 2 35 0 3.5E+02 1.2E+OO 99 ·1 1.E+02 J.E-o1 2 3 4.E+04 0 3 O.E+OO 0 3 O.E+OO 0 0 o.E+OO L. monocyt~n.s 11 " 13 3 3.E+OS 5.43 29 3 6.E+OS 5.78 19 3 4.E+05 5.60 1 0 2 .E+01 1.32 3 19 3 4.E+05UO 37 3 S.E+OS 5.89 17 3 4.E+05 5.55 0 0 O.E+OO 1.02 
Hi (10"6 11706b 31 11 5 
2E"T" 
5 5 t.E+07 7.02 93 4 2.E+07 7.29 8 ·1 2 .E+01 1.22 
(s3k-) 32 0 3 O.E+OO 0 3 O.E+OO 0 3 O.E+OO 0 0 O.E+OO 
" 33 36 3 3.6E+05 1.2E+03 157 -1 2.E+02 S.E-o1 97 3 2.E+06 03 3 2.E+06 .. 3 2.E+06 0 0 O.E+OO L. monocytogen•s HI 34 12 4 3.E+06 20 4 4.E+05 32 4 7.E+06 0 0 O.E+OO 
" 15 5 3.E+07 7.49 13 5 3.E+07 7.43 87 4 2.E+07 7.26 1 -1 2.E+OO o.n Lo(10"3)11706b " 45 4 ·E·T" 57 4 t .E+07 7.07 42 4 9E<061' M 13 0 3.E+02 2.43 (s3k-) 3 12 4 3. +06 5.40 15 4 3 .E+06 1.49 107 3 2.E+06 6.35 1 -1 2.E+OO 0.32 
" 3 35 0 3.5E+02 t .2E+OO 157 -1 2.E+02 5.E..01 1 3 2.E+04 1 3 2.E+04 1 3 2.E+04 0 0 O.E+OO L. monocytogen•s 18 " 0 3 O.E+OO 0 3 O.E+OO 0 3 o.E+OO 0 -3 O.E+OO 4 0 3 O.E+OO 0 3 O.E+OO 1 3 2.E+04 0 0 O.E+OO 
No lAB 41 0 1 O.E+OO '·"' 34 1 7 .E+03 a.as 3 o 6E.Ol oo 6 · 1 t .E+Ot 1.10 
I 
" 42 22 2 5.E+04 4.00 2 1 4.E+02 2.62 1 0 2.E-tQ11 .32 0 0 O.E+OO 1.02 L. monocytogen•s 11 43 99 ·1 t .E+02 3.E-o1 53 3 1.E+06 0.04 47 3 t .E+06 ,_, 9 0 2.E+02 2.27 4 0 S.E+Ol 1.92 
44 0 3 O.E+OO 0 3 O.E+OO 0 3 O.E+OO 0 0 O.E+OO 
" 0 3 O.E+OO 0 3 O.E+OO 0 3 O.E+OO 0 0 O.E+OO Nov~'d .. 1 3 2.E+04 0 3 O.E+OO 0 3 O.E+OO 7 0 1.E+02 
I 
4 6 1 1.E+03 3.10 7 1 1.E+03 3.15 5 1 1.E-tQ3 3.02 1 · 1 2.E+OO 0.32 
L. monocytogenes 18 4 157 ·1 2.E+02 5.E-ot 17 1 4.E+03 3.55 0 1 O.E+OO 2.02 4 1 8.E+02 2.92 0 0 O.E+OO 1.02 .. 0 1 O.E+OO 2.02 1 1 2.E+02 2.32 0 1 O.E+OO 2.02 0 0 O.E+OO 1.02 
' 1 3 2.E+04 0 3 O.E+OO 0 3 O.E+OO 0 0 O.E+OO HI (10"6) 11106 51 124 3 3.E+06 33 4 7.E+06 31 
4 6E<061 
0 0 O.E+OO 
(snk·A) " 12 3 3.E+05 15 3 J.E+OS 19 3 4.E+05 0 0 O.E+OO " " 34 4 3.4E+06 1.1E+04 0 5 O.E+OO 1.02 0 5 O.E+OO 0.02 11 4 2.E+06 6.36 0 -1 O.E+OO 0.02 No target " 5 5 1.E+07 7.02 4 5 6.E+06 6.92 21 4 4.E+06 6.64 0 0 O. E+OO 1.02 " 0 5 O.E+OO 0.02 1 5 2.E+06 15.32 14 4 3.E+06 6.45 0 0 O.E+OO 102 Lo (10 " 3) 11706 " 124 2 3.E+05 5.41 106 2 2.E+05 5.34 15 33.E.OT .. 0 0 O.E+OO 1.02 
I 
(snk-A) ' 0 3 O.E+OO 0 3 O.E+OO 0 3 O. E+OO 0 0 O.E+OO " ' 20 1 2.0E+03 6.7E+OO 0 3 O.E+OO 0 3 O.E+OO 0 3 O.E+OO 0 0 O.E+OO No target ' 11 1 2.E+03 3.35 7 1 1.E+03 3.11 13 1 3.E+03 3.43 0 0 O.E+OO 1.02 • 10 2 2.E+04 • . 32 12 2 3 .E+04 •• 40 83 1 2.E+04 4.24 0 0 O.E+OO 1.02 
Hi (10"6) 11706b " 0 5 OE•'T"' 10 5 2 .E+07 7.32 94 4 2-E"T" 0 0 O.E+OO 1.02 (s3k·) " 6 5 1.E+07 7.10 8 5 2 .E+07 7.22 12 5 3.E+07 7.•o 0 0 O.E+OO 1.02 " 03 36 3 3.6E+OS 1.2E+03 47 3 t.E+06 53 3 1.E+Oe 57 3 t .E+06 0 0 O.E+OO No target .. 50 3 1.E+06 90 3 2 .E+06 80 3 2.E+06 0 0 O.E+OO 
" 9 5 2.E+07 7.27 7 5 t .E+07 7.1 6 .. 4 1.E+07 7.15 0 0 O.E+OO 1.02 Lo (10"3) s706b " 60 4 1.E+07 7.10 65 4 1.E+07 7.13 69 4 1.E .. l" 0 0 O.E+OO 1.02 (sok-) • 25 3 5.E+05 5.72 29 3 6.E+05 5.78 29 3 6 +05 5.78 0 0 O.E+OO 1.02 
" 6 35 0 3.5E+02 t .2E+OO 11 3 2.E+05 5.35 71 2 t .E+OS 5.17 103 2 2.E+05 5.33 0 0 O.E+OO 1.02 No target 6 0 3 O.E+OO 0 3 O.E+OO 0 3 O.E+OO 0 0 O.E+OO 
7 0 3 O.E+OO 0 3 O.E+OO 0 3 O.E+OO 0 0 O.E-+00 
No LAB 71 2 1 4.E+02 2.52 0 1 O.E+OO 2.02 0 1 O.E+OO 2.02: 0 0 O.E+OO 1.02 
" 72 12 3 J.E+05 5.40 17 3 4 .E+05 5.55 0 1 O.E+OO 2.02 0 0 O.E-+00 1.02 Notnrget 73 12 2 3.E+04 • •• 0 0 1 O.E+OO 2.02 
I 
0 1 O.E+OO 2.02 0 0 O.E+OO 1.02 
74 2 1 4.E+02 2.62 2 1 4.E+02 2.62 0 1 O.E+OO 2.02 0 0 O.E-+00 1.02 
75 0 3 O.E+OO 0 3 O.E+OO 0 3 O.E+OO 0 0 O.E+OO 
198 
(3 .2. contd.) 
B. Inhibitory activity of New Zealand L. sakei strains against L. monocytogenes, 
B. thermosphacta, Cl. estertheticum and C. jejuni 
Pack An PC so f.!LAB so so PCR so 
BIT20 Hi s27 vs T20 1-5 7.08 0.30 6.93 0.21 4.02 0.00 
Lo s27 vs T20 6- 10 6.99 0.20 5.86 0.27 4.02 0.00 
Hi s63 vs T20 61-65 7.17 0.08 7.28 0.26 7.19 0.13 4.02 0.00 qPCR 
Lo s63 vs T20 66-70 6.90 0.21 6.58 0.68 4.91 0.62 4.02 0.00 <gen/cm2 
Hi s44 vs T20 121-125 7.17 0.15 7.20 0.11 3.85 0.26 3.89 0.28 
Lo s44 vs T20 126-130 6.99 0.29 6.99 0.31 1.67 0.94 4.02 0.00 
No LAB vs T20 181-185 6.91 0.25 6.88 0.24 2.02 0.00 4.02 0.00 
CeT21 Hi s27 vs T21 11-15 7.12 0.30 7.03 0.19 6.84 0.36 8.75 0.50 6.37 0.45 
Lo s27 vs T21 16-20 6.78 0.33 6.82 0.92 5.25 0.40 7.75 0.50 6.28 0.20 qPCR 
Hi s63 vs T21 71-75 6.11 1.75 5.94 1.69 5.91 1.66 8.38 0.48 6.45 0.38 <gen/cm2 
Lo s63 vs T21 76-80 6.91 0.23 6.85 0.22 4.95 1.03 8.25 0.50 6.34 0.39 
Hi s44 vs T21 131-135 6.80 0.35 6.68 0.22 2.93 0.54 8.50 0.58 6.47 0.30 <wks to 
lo s44 vs T21 136-140 6.17 1.77 6.05 1.73 2.02 0.00 8.130.25 6.07 0.25 score2 
No LAB vs T21 186-190 6.94 0.24 6.89 0.24 2.37 0.79 7.75 0.50 6.44 0.22 
Cj T27 Hi s27 vs T27 21-25 6.96 0.04 6.68 0.28 6.74 0.34 60 
Lo s27 vs T27 26-30 6.99 0.07 7.18 0. 16 5.40 0.52 60 <%packs+ 
Hi s63 vs T27 81-85 7.22 0.23 6.92 0.41 6.91 0.24 20 alter enrichment in Bolton broth 
Lo s63 vs T27 86-90 6.90 0.39 6.92 0.46 4.60 0.54 100 and culturing on mCCD agar 
Hi s44 vs T27 141-145 7.13 0.27 7.24 0.31 2.02 0.00 60 
Lo s44 vs T27 146-150 6.86 0.27 6.97 0.27 2.02 0.00 100 
No LAB vs T27 191-1 95 7.24 0.23 5.80 3.26 2.28 0.58 100 
CjT28 Hi s27 vs T28 31-35 6.93 0.16 7.04 0.38 6.86 0.11 40 
lo s27 VS T28 36-40 6.74 0.16 6.48 0.44 6.82 0.05 60 
Hi s63 vs T28 91-95 7.18 0.31 7.13 0.30 6.97 0.36 60 
Lo s63 vs T28 96-1 00 6.96 0.41 6.97 0.27 5.18 0.29 0 
Hi s44 vs T28 151-155 7.06 0.27 7.15 0.20 2.02 0.00 60 
lo s44 vs T28 156-160 7.22 0.35 6.42 1.51 2.02 0.00 20 
No LAB vs T28 196-200 7.33 0.23 5.60 2.36 2.02 0.00 100 
LmT11 Hi s27 VS T11 41 -45 6.33 0.42 6. 70 0.18 6.54 0.13 1.02 0.00 0 
Lo s27 vs T11 46-50 6.56 0.42 6.52 0.32 5.41 0.20 1.02 0.00 0 
Hi s63 VS T11 101-1 05 6.77 0.10 7.01 0.21 6.91 0.34 1.56 0.39 0 <%packs+ 
lo s63 vs T11 106-110 6.67 0.25 6.73 0. 17 4.40 0.53 1.02 0.00 0 bystd-PCR 
Hi s44 vs T11 161-165 6.78 0.46 6.80 0.31 4.23 0.34 1.02 0.00 0 
lo s44 vs T11 166-170 6.83 0.20 6.80 0.19 2.14 0.27 1.02 0.00 0 <Cfu/cm2 
No LAB vs T11 201-205 6.94 0.36 6.82 0.24 2.02 0.00 1.02 0.00 0 on PALCAM agar 
LmT18 Hi s27 vs T18 51-55 7.06 0.22 6.86 0.19 6.90 0.34 1.02 0.00 0 
Lo s27 vs T18 56-60 6.62 0.35 6.65 0.38 4.52 0.62 1.08 0.13 0 
Hi s63 vs T18 111-115 6.79 0.62 6.66 0.62 5.33 1.40 1.02 0.00 0 
Lo s63 vs T18 11 6-120 6.67 0.40 6.27 0.87 3.70 0.95 1.02 0.00 0 
Hi s44 vs T18 171-175 6.65 0.27 6.96 0.17 4.02 0.00 1.02 0.00 0 
Lo s44 vs T18 176-180 6.77 0.22 . 6.20 1.06 2.20 0.27 1.02 0.00 0 




Hi (10'6) s27 
VS 
vs 









2.1E+01 6 0 
45 0 
1.7E+011 45 0 
2.1E+04I 30 1 
2.0E+01 I 30 1 
2.1E+041 47 1 



















Hi (10"€ Hi (10•6) s27 116 3 2.E+06 6.38 23 
4 5.E+06 6.68 112 3 2.E+06 6.37 0 0 O.E+OO 1.02 std- PGA 
vs 24 4 5.E+06 6.70 44 4 9.E+06 6.96 
17 4 4.E+06 6.55 0 0 O.E+OO 1.02 
1Q/'2 L. mane 1Q/'2 L. monocytogenes T11 4 4.3E+06 1.4E+04 84 -1 8.E+01 3.E-01 37 3 8.E+05 5.89 21 4 4.E+06
 6.64 18 4 4.E+06 6.57 0 0 O.E+OO 1.02 
40 3 8.E+05 5.92 14 4 3.E+06 6.46 15 4 3.E+06 6.49 0 0 
O.E+OO 1.02 
29 4 6. E+06 6.78 27 4 6.E+06 6.75 26 4 5.E+06 6.73 0 0 O
.E+OO 1.02 
Le ( 1 Q/'~ Lo (10• 3) s27 126 3 3.E+06 6.42 19 
4 4.E+06 6.60 12 3 3.E+05 5.40 0 0 O.E+OO 1.02 
vs 128 3 3.E+06 6.43 14 4 3.E+06 6.46 
70 2 1.E+05 5.16 0 0 O.E+OO 1.02 
1 Q/'2 L. mane 1 Q/'2 L. monocytogenes T11 1 6.4E+03 2.1 E+01 84 -1 8. E+01 3.E-01 59 3 1.E+06 6.09 6 4 1.E+06 
6.10 14 3 3.E+05 5.46 0 0 O.E+OO 1.02 
23 4 5.E+06 6.68 14 4 3.E+06 6.46 100 2 2.E+05 5.32 0 0 O.E+OO 1.02 
77 4 2.E+07 7.21 48 4 1.E+07 7.00 25 3 5.E+05 5.72 0 0 O
. E+OO 1.02 
Hi (10"€ Hi (10• 6) s27 79 4 2.E+07 7.22 31 
4 6.E+06 6.81 37 4 8.E+06 6.89 0 0 O.E+OO 1.02 
vs 53 4 1.E+07 7.04 28 4 6.E+06 6.77 
37 4 8.E+06 6.89 0 0 O.E+OO 1.02 
1 Q/'2 L. mane 1 Q/'2 L. monocytogenes T18 4 8.8E+06 2.9E+04 26 0 3.E+02 9.E-01 27 4 6.E+06 6.75 29 4 6.E+06 
6.78 20 4 4.E+06 6.62 0 0 O.E+OO 1.02 
43 4 9.E+06 6.95 28 4 6.E+06 6.77 22 4 5.E+06 6.66 0 0 O.E+OO 1.02 
100 4 2.E+07 7.32 75 4 2.E+07 7.1 9 139 4 3.E+07 7.46 0 0 O.E+OO 1.02
 
Lo (1Q/'~ Lo (10• 3) s27 64 4 1.E+07 7.12 70 
4 1.E+07 7.16 23 2 5.E+04 4.68 0 0 O.E+OO 1.02 
vs 13 4 3.E+06 6.43 18 4 4.E+06 6.57 24 
1 5.E+03 3.70 0 0 O.E+OO 1.02 
1 Q/'2 L. mane 1 Q/'2 L. monocytogenes T18 1 5.2E+03 1.7E+01 26 0 3.E+02 9. E-01 10 4 2.E+06 6.32 84 3 2.E+06 
6.24 60 1 1.E+04 4.10 0 0 O.E+OO 1.02 
34 4 7.E+06 6.85 37 4 8.E+06 6.89 36 2 8.E+04 4.88 0 0 ~ ~:~~ ~~:~~ 
118 3 2.E+06 6.39 11 4 2.E+06 6.36 84 2 2. E+05 5.24 1 0 
HI (10"t Hi (1 0• 6) s 63 71 4 1.E+07 7.17 82 4 2.E+07 
7.23 75 4 2.E+07 7.19 smr count/cm2: 2.E+07 0 4.02 
vs 73 4 2.E+07 7.18 15 5 3.E+07 7.49 101 4 2.E+07
 7.32 am counts /cm2 2.E+07 0 4.02 
1 Q/'2 8. therr. 1 Q/'2 B. thermosphacta T20 3 7.3E+05 2.4E+03 6 0 6.E+01 2.E-01 84 4 2.E+07 7.24 10 5 2.E+07 7.32 73 4 
2.E+07 7.18 see PGA column: 2.E+07 0 4.02 
I (63) 51 4 1.E+07 7.03 34 
4 7.E+06 6.85 47 4 1.E+07 6.99 1.E+07 0 4
.02 
80 4 2.E+07 7.22 15 5 3.E+07 7.49 91 4 2.E+07 7.28 
2.E+07 0 4.02 
Le ( 1 Q/'~ Lo (10•3) s63 42 4 9.E+06 6.94 31 4 6.E+06 
6.81 33 2 7.E+04 4.84 7.E+04 0 4.02 
vs 72 4 2.E+07 7.18 14 3 3.E+05 5.46 37 3 8.E+05
 5.89 8.E+05 0 4.02 
1 Q/'2 8. the" 1 Q/'2 B. thermosphacta T20 0 7.7E+02 2.6E+00 6 0 6.E+01 2.E-01 19 4 4.E+06 6.60 17 4 4.E+06 6.55 87 1 
2.E+04 4.26 see PCR column: 2.E+04 0 4.02 
32 4 7.E+06 6.82 31 4 6.E+06 6.81 53 2 1.E+05 5.04 
1.E+05 0 4.02 
45 4 9.E+06 6.97 9 5 2. E+07 7.27 17 2 4.E+04 4.55 4
.E+04 0 4.02 
Hi (10"€ Hi (10• 6) s63 11 5 2.E+07 7.36 28 4 6.E
+06 6.77 33 4 7.E+06 6.84 9 9.2E+05 1.9E+06 6.28 
vs 30 4 6.E+06 6.80 134 3 3. E+06 6.45 12 4 3.E+06 
6.40 T to 8 2.4E+06 5.0E+06 6.70 
1 Q/'2 Cl. est• 1 Q/'2 Cl. estertheticum T21 3 6.9E+05 2.3E+03 45 0 5.E+02 2. E+00 23 4 5. E+06 6.68 69 3 1.E+06 6.1 6 70 3 
1.E+06 6.16 score2 8 2.4E+06 5.0E+06 6.70 
0 2 O. E+OO 3.02 0 2 O.E+OO 3.02 0 2 O.E+OO 3.02 /wks 8.5 2.4E
+06 5.0E+06 6.70 
23 4 5.E+06 6.68 10 5 2.E+07 7.32 64 4 1.E+07 7.12 >12 
3.4E+05 7.1E+05 5.85 
Le ( 1 Q/'~ Lo (10•3) s63 41 4 9.E+06 6.93 36 4 8. E+06 
6.88 54 2 1.E+05 5.05 8 1.1E+06 2.3E+06 6.36 
vs 33 4 7.E+06 6.84 30 4 6.E+06 6.80 94 1 2.E+04 
4.29 9 1.8E+06 3.8E+06 6.57 
1 Q/'2 Cl. est• 1 Q/'2 Cl. estertheticum T21 0 5.2E+02 1.7E+00 45 0 5.E+02 2.E+00 19 4 4.E+06 6.60 24 4 5.E+06 6.70 78 1 2.E+04 
4.21 8 3.3E+06 6.9E+06 6.84 
80 4 2.E+07 7.22 80 4 2.E+07 7.22 15 2 3.E+04 4.49 8 4.8E+05 
1.0E+06 6.00 
45 4 9.E+06 6.97 23 4 5.E+06 6.68 24 4 5.E+06 6.70 >12 3.9E
+05 8.1 E+05 5.91 
Hi (10"€ Hi (10• 6) s63 41 4 9.E+06 6.93 50 4 1.E+07 
7.02 41 4 9.E+06 6.93 
vs 65 4 1.E+07 7.13 32 4 7.E+06 6.82 30 4 6. E+06 6.80 
(Bolton broth} 
1()1'3 c. 1 Q/'3 C. jejuni T27 3 5.4E+05 1.8E+03 30 1 3.E+03 1.E+01 17 5 4.E+07 7.55 16 5 3.E+07 7.52 100 4 2.E+07 7.32 + or -
70 4 1.E+07 7.16 12 4 3.E+06 6.40 26 4 5.E+06 6.73 + 
10 5 2.E+07 7.32 33 4 7.E+06 6.84 29 4 6.E+06 6.78 
Lo(1~ Lo (1 o•3) s63 11 5 2. E+07 7.36 14 5 3. E+07 
7.46 6 3 1.E+05 5.10 + 
vs 320 1 7.E+04 
4.82 (Bolton broth) + 
1Q/'3C. 1Q/'3 C. jejuni T27 0 5.0E+02 1.7E+00 30 1 3.E+03 1.E+01 13 4 3.E+06 6.43 12 4 3.E+06 
6.40 20 2 4.E+04 4.62 +or - + 
49 4 1.E+07 7.01 58 4 1.E+07 7.08 23 1 5.E+03 3.68 + 
31 4 6. E+06 6.81 25 4 5.E+06 6.72 30 2 6.E+04 4.80 + 
Hi (10"€ Hi (10•6) s63 77 4 2.E+07 7.21 11 5 2.E+07 
7.36 108 4 2.E+07 7.35 + 
vs 95 4 2.E+07 7.30 56 4 1.E+07 7.07 66 4 1.E+07 7.14 
(Bolton broth) 
1()1'3 c. 1 Q/'3 C. jejuni T28 3 5.4E+05 1.8E+03 47 1 5.E+03 2.E+01 20 5 4.E+07 7.62 10 5 2.E+07 7.32 74 4 2.E+07 7.19 +or- + 
38 4 8.E+06 6.90 9 5 2.E+07 7.27 20 4 4.E+06 6.62 
I I 36 4 8.E+06 6.88 21 4 4.E+06 6.64 17 4 4.E+06 6.55 + 
Lo(1~ Le (10• 3) s63 43 4 9.E+06 6.95 5 5 1.E+07 7.02 19 3 
4.E+05 5.60 
vs 45 4 9.E+06 6.97 18 4 4.E+06 6.57 7 3 1.E+05 5.16 (Bolton broth) -
1()1'3 c. 1Q/'3 C. jejuni T28 0 5.0E+02 1.7E+00 47 1 5.E+03 2. E+01 12 4 3.E+06 6.40 5 5 1.E+07 7.02 10 3 2.E+05 5.32 + or- -
40 4 8. E+06 6.92 41 4 9.E+06 6.93 44 2 9.E+04 4.96 
17 5 4.E+07 7.55 10 5 2.E+07 7.32 36 2 8.E+04 4.88 
201 
Hi (10•6) s63 101 30 4 6.E+06 
VS 102 22 4 5.E+06 
1 QA2 L. monocytogenes T11 103 73 3 7.3E+05 2.4E+03 84 -1 8.E+01 3.E-01 22 4 5.E+06 
104 34 4 7.E+06 
105 36 4 8.E+06 
Lo (10•3) s63 106 27 4 6.E+06 
vs 107 21 4 4.E+06 
1 QA2 L. monocytogenes T 11 108 77 0 7.7E+02 2.6E+00 84 ·1 B.E+01 3.E-01 85 3 2.E+06 
109 28 4 6.E+06 
110 40 4 B.E+06 
Hi (10•6) s63 111 38 4 B.E+06 
vs 112 28 4 6.E+06 
1 QA2 L. monocytogenes T18 113 69 3 6.9E+05 2.3E+03 26 0 3.E+02 9.E-01 72 3 2.E+06 
114 101 3 2.E+06 
115 28 5 6.E+07 
Lo (10•3) s63 116 55 4 1.E+07 
vs 117 
10'2 L. monocytogenes T18 118 52 0 5.2E+02 1.7E+00 26 0 3. E+02 9.E-01 66 3 1.E+06 
119 20 4 4.E+06 
120 36 4 8.E+06 
Hi (10•6) s44 121 47 4 1.E+07 
vs 122 112 4 2.E+07 
1 0'2 B. thermosphacta T20 123 76 3 7.6E+05 2.5E+03 6 0 6.E+01 2.E-01 73 4 2.E+07 
(44) 124 84 4 2.E+07 
125 54 4 1.E+07 
Lo (10•3) s44 126 39 4 B.E+06 
VS 127 140 4 3.E+07 
1 0'2 B. thermosphacta T20 128 65 0 6.5E+02 2.2E+00 6 0 6.E+01 2.E-01 22 4 5.E+06 
129 46 4 1.E+07 
130 41 4 9.E+06 
Hi (10•6) s44 131 79 4 2.E+07 
vs 132 14 4 3.E+06 
1QA2 Cl. estertheticum T21 133 117 3 1.2E+06 3.9E+03 45 0 5.E+02 2.E+00 126 3 3.E+06 
134 39 4 B.E+06 
135 48 4 1.E+07 
Lo (10•3) s44 136 39 4 B.E+06 
vs 137 28 4 6.E+06 
1 0'2 Cl. estertheticum T21 138 90 0 9.0E+02 3.0E+00 45 0 5.E+02 2.E+00 0 2 O.E+OO 
139 55 4 1.E+07 
140 60 4 1.E+07 
Hi (10A6) s44 141 13 5 3.E+07 
vs 142 61 4 1.E+07 
1 0'3 C. jejuni T27 143 58 3 5.8E+05 1.9E+03 30 1 3.E+03 1.E+01 33 4 7.E+06 
144 11 5 2.E+07 
145 38 4 8.E+06 
Lo (1 0•3) s44 146 BB 4 2.E+07 
vs 147 37 4 8.E+06 
I 1QA3 C. jejuni T27 148 37 0 3.7E+02 1.2E+00 30 1 3.E+03 1.E+01 35 4 7.E+06 
149 31 4 6.E+06 
150 15 4 3.E+06 
Hi (10•6) s44 151 50 4 1.E+07 
vs 152 72 4 2.E+07 
1 QA3 C. jejuni T28 153 58 3 5.8E+05 1.9E+03 47 1 5.E+03 2.E+01 43 4 9.E+06 
154 13 5 3.E+07 
I 155 25 4 5.E+06 
Lo (10•3) s44 156 18 5 4.E+07 
vs 157 11 5 2.E+07 
1 0'3 C. jejuni T28 158 37 0 3.7E+02 1.2E+00 47 1 5.E+03 2.E+01 70 4 1.E+07 
159 11 5 2.E+07 
160 21 4 4.E+06 
6.80 57 4 1.E+07 7.07 70 4 
6.66 65 4 1.E+07 7.13 57 4 
6.66 24 4 5.E+06 6.70 11 4 
6.85 39 4 8.E+06 6.91 30 4 
6.88 83 4 2.E+07 7.24 70 4 
6.75 24 4 5.E+06 6.70 32 2 
6.64 24 4 5.E+06 6.70 12 2 
6.25 15 4 3.E+06 6.49 24 1 
6.77 42 4 9.E+06 6.94 58 1 
6.92 32 4 7.E+06 6.82 47 2 
6.90 31 4 6.E+06 6.81 2 3 
6.77 37 4 B.E+06 6.89 1 3 
6.18 70 3 1.E+06 6.16 1 3 
6.32 41 3 9.E+05 5.93 30 3 
7.77 15 5 3.E+07 7.49 18 5 
7.06 76 4 2.E+07 7.20 4 1 
6.14 58 3 1.E+06 6.08 13 1 
6.62 21 4 4.E+06 6.64 11 1 
6.88 69 2 1.E+05 5.16 59 2 
6.99 55 4 1.E+07 7.06 52 1 
7.37 94 4 2.E+07 7.29 28 1 
7.18 95 4 2.E+07 7.30 71 1 
7.24 86 4 2.E+07 7.25 26 1 
7.05 63 4 1.E+07 7.12 29 1 
6.91 45 4 9.E+06 6.97 0 1 
7.46 150 4 3.E+07 7.49 0 1 
6.66 24 4 5.E+06 6.70 0 1 
6.98 46 4 1.E+07 6.98 1 1 
6.93 31 4 6.E+06 6.81 0 1 
7.22 11 4 2.E+06 6.36 8 1 
6.46 25 4 5.E+06 6.72 12 1 
6.42 0 1 
6.91 36 4 8.E+06 6.88 4 1 
7.00 28 4 6.E+06 6.77 6 1 
6.91 10 5 2.E+07 7.32 0 1 
6.77 12 4 3.E+06 6.40 0 1 
3.02 0 2 O.E+OO 3.02 0 1 
7.06 42 4 9.E+06 6.94 0 1 
7.10 19 4 4.E+06 6.60 0 1 
7.43 15 5 3.E+07 7.49 0 1 
7.10 12 5 3.E+07 7.40 0 1 
6.84 45 4 9.E+06 6.97 0 1 
7.36 15 5 3.E+07 7.49 0 1 
6.90 33 4 7.E+06 6.84 0 1 
7.26 12 5 3.E+07 7.40 0 1 
6.89 49 4 1.E+07 7.01 0 1 
6.86 38 4 B.E+06 6.90 0 1 
6.81 35 4 7.E+06 6.86 0 1 
6.49 22 4 5.E+06 6.66 0 1 
7.02 12 5 3.E+07 7.40 0 1 
7.18 58 4 1.E+07 7.08 0 1 
6.95 50 4 1.E+07 7.02 0 1 
7.43 10 5 2.E+07 7.32 0 1 
6.72 42 4 9.E+06 6.94 0 1 
7.57 3 2 6.E+03 3.80 0 1 
7.36 67 4 1.E+07 7.14 0 1 
7.16 89 4 2.E+07 7.27 0 1 
7.36 12 5 3.E+07 7.40 0 1 
6.64 15 4 3.E+06 6.49 0 1 
202 
1.E+07 7.16 4 0 B.E+01 1.92 
1.E+07 7.07 0 0 O.E+OO 1.02 
2.E+06 6.36 1 0 2.E+01 1.32 
6.E+06 6.80 2 0 4.E+01 1.62 
1.E+07 7.16 4 0 8.E+01 1.92 
7.E+04 4.82 0 0 O.E+OO 1.02 
3.E+04 4.40 0 0 O.E+OO 1.02 
5.E+03 3.70 0 0 O.E+OO 1.02 
1.E+04 4.08 0 0 O.E+OO 1.02 
1.E+05 4.99 0 0 O.E+OO 1.02 
4.E+04 4.62 0 0 O.E+OO 1.02 
2.E+04 4.32 0 0 O.E+OO 1.02 
2.E+04 4.32 0 0 O.E+OO 1.02 
6.E+05 5.80 0 0 O.E+OO 1.02 
4.E+07 7.57 0 0 O.E+OO 1.02 
8.E+02 2.92 0 0 O.E+OO 1.02 
0 0 O.E+OO 1.02 
3.E+03 3.43 0 0 O.E+OO 1.02 
2.E+03 3.36 0 0 ~~:~~~~:~~ 1.E+05 5.09 0 0 
1.E+04 4.03 
3.E+03 3.52 • m counts /cm2. 





O.E+OO 2.02 see PCR column: 
2.E+02 2.32 
O.E+OO 0.00 
2.E+03 3.22 9 
3.E+03 3.40 Tto 8 
O.E+OO 2.02 score2 8 
8.E+02 2.92 /wks 9 
1.E+03 3.10 >12 
O.E+OO 2.02 8 
O.E+OO 2.02 8.5 
O.E+OO 2.02 8 
O.E+OO 2.02 8 
O.E+OO 2.02 >12 
O.E+OO 2.02 + 
O.E+OO 2.02 {Bolton broth) + 
O.E+OO 2.02 +or ~ 
O.E+OO 2.02 + 
O.E+OO 2.02 
O.E+OO 2.02 + 
O.E+OO 2.02 (Bolton broth) + 
O.E+OO 2.02 +Of· + 
O.E+OO 2.02 + 
O.E+OO 2.02 + 
O.E+OO 2.02 
O.E+OO 2.02 (Bolton broth) + 
O.E+OO 2.02 +or- -
O.E+OO 2.02 + 
O.E+OO 2.02 + 
O.E+OO 2.02 
O.E+OO 2.02 (Bolton broth) 
O.E+OO 2.02 +or-
O.E+OO 2.02 













































Hi (1 0'6) s44 161 94 3 2.E+06 6.29 17 4 4.E+06 6.55 3 3 6.E+04 4.80 0 0 O.E+OO 1.02 std • PCR 
vs 162 86 3 2. E+06 6.25 12 4 3.E+06 6.40 1 3 2.E+04 4.32 0 0 O.E+OO 1.02 
1 0'2 L. monocytogenes T11 163 76 3 7.6E+05 2.5E+03 84 ·1 8.E+01 3.E·01 61 4 1.E+07 7.10 51 4 1.E+07 7.03 0 3 O.E+OO 4.02 0 0 O.E+OO 1.02 
164 64 4 1.E+07 7.12 54 4 1.E+07 7.05 0 3 O.E+OO 4.02 0 0 O.E+OO 1.02 
165 64 4 1.E+07 7.12 48 4 1.E+07 7.00 0 3 O.E+OO 4.02 0 0 O.E+OO 1.02 
Lo (1 0 ' 3) s44 166 36 4 8.E+06 6 .88 24 4 5.E+06 6.70 2 1 4.E+02 2.62 0 0 O.E+OO 1.02 
vs 167 56 4 1.E+07 7.07 48 4 1.E+07 7.00 0 1 O.E+OO 2.02 0 0 O.E+OO 1.02 
1 0'2 L. monocytogenes T1 1 168 65 0 6.5E+02 2.2E+00 84 ·1 8.E+01 3.E·01 19 4 4.E+06 6.60 19 4 4.E+06 6.60 0 1 O.E+OO 2.02 0 0 O.E+
OO 1.02 
169 21 4 4.E+06 6.64 23 4 5.E+06 6.68 0 1 O.E+OO 2.02 0 0 O.E+OO 1.02 
170 43 4 9.E+06 6.95 49 4 1.E+07 7.01 0 1 O.E+OO 2.02 0 0 O.E+OO 1.02 
Hi (1 0'6) s44 171 38 4 8.E+06 6.90 70 4 1.E+07 7.16 0 3 O.E+OO 4.02 0 0 O.E+OO 1.02 
vs 172 127 3 3.E+06 6.42 40 4 8. E+06 6.92 0 3 O.E+OO 4.02 0 0 O.E+OO 1.02 
1 0'2 L. monocytogenes T1 81 173 117 3 1.2E+06 3.9E+03 26 0 3.E+02 9. E·01 22 4 5. E+06 6.66 25 4 5.E+06 6.72 0 3 O.E+OO 4.02 0 0 O.E+OO 1.02 
174 106 3 2. E+06 6.34 551 3 1.E+07 7.06 0 3 O.E+OO 4.02 0 0 O.E+OO 1.02 
175 42 4 9.E+06 6.94 40 4 8.E+06 6.92 0 3 O.E+OO 4.02 0 0 O.E+OO 1.02 
Lo {10'3) s44 176 66 4 1.E+07 7.14 37 4 8.E+06 6.89 2 1 4.E+02 2.62 0 0 O. E+OO 1.02 
vs 177 29 4 6.E+06 6.78 23 4 5.E+06 6.68 0 1 O.E+OO 2.02 0 0 O.E+OO 1.02 
1 0'2 L. monocytogenes T181 178 90 0 9.0E+02 3.0E+00 26 0 3.E+02 9.E·01 18 4 4.E+06 6.57 23 4 5.E+06 6.68 0 1 O.E+OO 2.02 0 0 O.E+OO 1.02 
179 24 4 5.E+06 6.70 13 4 3.E+06 6.43 0 1 O.E+OO 2.02 0 0 O.E+OO 1.02 
180 21 4 4.E+06 6.64 10 2 2.E+04 4.32 1 1 2. E+02 2.32 0 0 O.E+OO 1.02 
No LAB 181 30 4 6.E+06 6.80 29 4 6. E+06 6.78 0 1 O.E+OO 2.02 O.OE+OO 0 4.02 
vs 182 101 4 2. E+07 7.32 92 4 2.E+07 7.28 0 1 O.E+OO 2.02 
sm counts /cm2 O.OE+OO 0 4.02 
1 0'2 B. thermosphacta T20 183 6 0 6.E+01 2.E·01 24 4 5.E+06 6.70 27 4 6.E+06 6.75 0 1 O.E+OO 2.02 see PCR column: O.OE+OO 0 4.02 
184 28 4 6. E+06 6.77 23 4 5. E+06 6.68 0 1 O.E+OO 2.02 O.DE+OO 0 4.02 
185 46 4 1.E+07 6.98 40 4 8.E+06 6.92 0 1 O.E+OO 2.02 O.OE+OO 0 4.02 
No LAB 186 39 4 8.E+06 6.91 31 4 6.E+06 6.81 29 1 6.E+03 3.78 8 2.3E+06 4.8E+06 6 .68 
vs 187 89 4 2.E+07 7.27 13 5 3. E+07 7.43 0 1 O.E+OO 2.02 8 1.6E+06 3.3E+06 6.52 
1 0'2 Cl. estertheticum T21 188 45 0 5.E+02 2.E+00 19 5 4.E+07 7.60 10 5 2.E+07 7.32 0 1 O.E+OO 2.02 8 1.0E+06 2.1 E+06 6 .32 
189 63 4 1.E+07 7.12 11 5 2.E+07 7.36 0 1 O.E+OO 2.02 7 1.7E+06 3.5E+06 6.55 
190 29 5 6.E+07 7.78 12 5 3.E+07 7.40 0 1 O.E+OO 2.02 >12 6.3E+05 1.3E+06 6.12 
No LAB 191 12 5 3.E+07 7.40 76 4 2.E+07 7.20 0 1 O. E+OO 2.02 + 
vs 192 11 5 2.E+07 7.36 21 5 4.E+07 7.64 0 1 O. E+OO 2.02 (Bolton broth) + 
1 QA3 C. jejuni T27 193 30 1 3.E+03 1.E+01 45 4 9.E+06 6.97 0 2 O. E+OO 0.00 0 1 O. E+OO 2.02 + or- + 
194 14 5 3.E+07 7.46 11 5 4 2.E+07 7.38 10 1 2. E+03 3.32 + 
195 49 4 1.E+07 7.01 30 4 6. E+06 6.80 0 1 O. E+OO 2.02 + 
No LAB 196 10 5 2.E+07 7.32 11 5 2. E+07 7.36 0 1 O. E+OO 2.02 + 
vs 197 12 5 3.E+07 7.40 73 4 2.E+07 7.18 0 1 O. E+OO 2.02 (Bolton broth) + 
10'3 C. jejuni T28 198 47 1 5.E+03 2. E+01 93 4 2.E+07 7.29 13 5 3. E+07 7.43 0 1 O. E+OO 2.02 +or- + 
199 21 5 4.E+07 7.64 0 2 O.E+OO 3.02 0 1 O.E+OO 2.02 + 
200 47 4 1.E+07 6.99 0 2 O.E+OO 3.02 0 1 O.E+OO 2.02 + 
No LAB 201 27 4 6.E+06 6.75 22 4 5.E+06 6.66 0 1 O.E+OO 2.02 0 0 O.E+OO 1.02 std • PCR 
vs 202 36 4 8.E+06 6.88 32 4 7.E+06 6.82 0 1 O.E+OO 2.02 0 0 O.E+OO 1.02 
1 0"2 L. monocytogenes T11 203 84 ·1 8.E+01 3.E·01 19 4 4.E+06 6.60 16 4 3.E+06 6.52 0 1 O.E+OO 2.02 0 0 O.E+OO 1.02 
204 42 4 9.E+06 6.94 50 4 1.E+07 7.02 0 1 O.E+OO 2.02 0 0 O.E+OO 1.02 
205 166 4 3. E+07 7.54 60 4 1.E+07 7.10 0 1 O.E+OO 2.02 0 0 O.E+OO 1.02 
No LAB 206 62 4 1.E+07 7.11 35 4 7.E+06 6.86 0 1 O.E+OO 2.02 0 0 O.E+OO 1.02 
vs 207 24 4 5.E+06 6.70 25 4 5.E+06 6.72 0 1 O.E+OO 2.02 0 0 O.E+OO 1.02 
1 0'2 L. monocytogenes T181 208 180 ·1 2.E+02 6.E·01 27 4 6.E+06 6.75 19 4 4.E+06 6.60 0 1 O.E+OO 2.02 0 0 O.E+OO 1.02 
209 37 4 8.E+06 6.89 19 4 4.E+06 6.60 0 1 O. E+OO 2.02 0 0 O.E+OO 1.02 
210 39 4 8.E+06 6.91 15 2 3. E+04 4.49 0 1 O. E+OO 2.02 0 0 O.E+OO 1.02 
203 
- - -
0 0 0 c· T21 T21 Bt Lm 
Hi (1 0'6) s27 211 25 3 5.E+05 5.72 13 4 3.E+06 6.43 10 4 2.E+06 6.32 >12 
vs 212 30 4 6.E+06 6.80 18 4 4.E+06 6.57 18 4 4.E+06 6.57 >12 
No Target 213 88 4 8.8E+06 2.9E+04 20 5 4.E+07 7.62 17 5 4.E+07 7.55 240 4 5.E+07 7.70 >12 
214 60 5 1.E+08 8.10 25 5 5.E+07 7.72 280 4 6.E+07 7.77 >12 
215 34 4 7.E+06 6 .85 18 5 4.E+07 7.57 30 4 6.E+06 6.80 >12 
Le (1 0'3) s27 216 44 4 9.E+06 6.96 8 5 2. E+07 7.22 80 3 2.E+06 6.22 >12 
vs 217 52 5 1.E+08 8.03 21 5 4.E+07 7.64 120 3 3.E+06 6.40 >12 
No Target 218 52 1 5.2E+03 1.7E+01 19 5 4.E+07 7.60 16 5 3. E+07 7.52 54 3 1.E+06 6.05 >12 
219 68 4 1.E+07 7.15 8 5 2. E+07 7.22 120 3 3.E+06 6.40 >12 
220 65 4 1.E+07 7.13 9 5 2.E+07 7.27 250 3 5.E+06 6.72 - >12 
Hi (1 0' 6) s63 221 95 4 2 .E+07 7.30 80 4 2.E+07 7.22 149 4 3.E+07 7.49 - >12 
VS 222 28 5 6 .E+07 7.77 16 5 3.E+07 7.52 136 4 3.E+07 7.45 >12 
No Target 223 69 3 6.9E+05 2.3E+03 59 4 1.E+07 7.09 55 4 1.E+07 7.06 59 4 1.E+07 7.09 >12 
224 84 4 2.E+07 7.24 65 4 1.E+07 7.13 90 4 2.E+07 7.27 >12 
225 44 4 9.E+06 6.96 17 5 4.E+07 7.55 140 4 3.E+07 7.46 >12 
Le (1 0'3) s63 226 12 5 3.E+07 7.40 11 4 2.E+06 6.36 7 3 1.E+05 5.16 >12 
VS 227 16 5 3.E+07 7.52 12 5 3.E+07 7.40 84 3 2.E+06 6.24 >12 
No Target 228 69 3 6.9E+05 2.3E+03 10 5 2.E+07 7.32 10 5 2. E+07 7.32 7 1 1.E+03 3.16 >12 
229 18 5 4.E+07 7.57 11 5 2. E+07 7.36 20 3 4.E+05 5.62 >12 
230 106 4 2.E+07 7.34 10 5 2.E+07 7.32 20 2 4.E+04 4.62 >12 
Hi (1 0' 6) s44 231 54 4 1.E+07 7.05 16 5 3.E+07 7.52 0 4 O.E+OO 4.02 >12 
VS 232 10 5 2.E+07 7.32 15 5 3.E+07 7.49 0 4 O.E+OO 4.02 >12 
No Target 233 117 3 1.2E+06 3.9E+03 16 5 3.E+07 7.52 16 5 3.E+07 7.52 0 4 O.E+OO 4.02 >12 
234 13 5 3.E+07 7.43 5 5 1.E+07 7.02 0 4 O.E+OO 4.02 >12 
235 28 4 6.E+06 6.77 29 4 6.E+06 6.78 9 1 2.E+03 3.27 >12 
Lo (1 0' 3) s44 236 47 4 1.E+07 6.99 51 4 1.E+07 7.03 0 4 O.E+OO 4.02 >12 
vs 237 40 4 8.E+06 6.92 35 4 7.E+06 6.86 0 4 O.E+OO 4.02 >12 
No Target 238 90 0 9.0E+02 3.0E+OO 14 5 3.E+07 7.46 8 5 2.E+07 7.22 38 3 8.E+05 5.90 >12 
239 39 4 8.E+06 6.91 56 4 1.E+07 7.07 0 1 O.E+OO 2.02 >12 
240 38 4 8.E+06 6.90 45 4 9.E+06 6.97 30 1 6.E+03 3.80 >12 
No LAB 241 43 4 9.E+06 6.95 34 4 7. E+06 6.85 0 1 O.E+OO 2.02 >12 0 0 
VS 242 59 4 1.E+07 7.09 93 4 2. E+07 7.29 0 1 O.E+OO 2.02 >12 0 0 
No target 243 18 5 4.E+07 7.57 13 5 3. E+07 7.43 0 1 O.E+OO 2.02 >12 0 0 
244 53 4 1.E+07 7.04 58 4 1.E+07 7.08 0 1 O.E+OO 2.02 >12 0 0 
245 40 4 8.E+_06 6.92 32 4 7. E+06 6.82 0 1 O.E+OO 2.02 - >12 0 0 
204 
(3.2B contd.) 
Gas scores for samples inoculated with or without Cl. estertheticum 
R2-BEEF 
Weeks stored 
Mix Pack 1 2 3 10 11 12 
Hi (10' 6) s27 11 0 0 0 0 0 1 1 2 3 3 
vs 12 0 0 0 0 0 0 0 1 2 3 
10"2 Cl. estertheticum T21 13 0 0 0 0 0 0 0 1 2 4 
14 0 0 0 0 0 0 1 1 2 3 
15 0 0 0 0 0 0 1 1 1 1 
Lo (10"3) s27 16 0 0 0 0 0 1 2 2 2 3 
vs 17 0 0 0 0 0 0 1 2 3 3 
10"2 Cl. estertheticum T21 18 0 0 0 0 0 1 1 2 2 3 
19 0 0 0 0 0 0 1 2 3 3 
20 0 0 0 0 0 0 1 1 1 1 
Hi (10'6) s63 71 0 0 0 0 0 1 1 1 2 2 
vs 72 0 0 0 0 0 0 1 2 3 3 
10"2 Cl. estertheticum T21 73 0 0 0 0 0 0 1 2 2 3 
74 0 0 0 0 0 0 1 1 3 3 
75 0 0 0 0 1 1 1 1 1 1 
Lo (10'3) s63 76 0 0 0 0 0 1 1 2 2 2 
vs n 0 0 0 0 0 1 1 1 2 3 
10"2 Cl. esterthetic:um T21 78 0 0 0 0 0 1 1 2 2 2 
79 0 0 0 0 0 1 1 2 2 2 
80 0 0 0 0 0 0 1 1 1 1 
Hi (1 0 '6) s44 131 0 0 0 0 0 1 0 1 2 2 
vs 132 0 0 0 0 0 1 1 2 3 3 
10"2 Cl. estertheticum T21 133 0 0 0 0 0 1 1 2 3 3 
134 0 0 0 0 0 0 1 1 2 3 
135 0 0 0 0 0 0 1 1 1 1 
Lo (10'3) s44 136 0 0 0 0 0 1 1 2 3 3 
VS 137 0 0 0 0 0 1 1 2 2 3 
1 0"2 Cl. estertheticum T21 138 0 0 0 0 0 1 1 2 3 3 
139 0 0 0 0 0 1 1 2 3 3 
140 0 0 0 0 0 0 1 1 1 1 
No LAB 186 0 0 0 0 0 1 1 2 3 3 
vs 187 0 0 0 0 0 1 1 2 3 3 
1 CY'2 Cl. estertheticum T21 188 0 0 0 0 0 1 1 2 3 3 
189 0 0 0 0 0 1 2 2 3 3 
190 0 0 0 0 0 1 1 1 1 1 
Hi (10"6) s27 211 0 0 0 0 0 0 0 0 0 0 
vs 212 0 0 0 0 0 0 0 0 0 0 
No Target 213 0 0 0 0 0 0 0 0 0 0 
214 0 0 0 0 0 0 0 0 0 0 
215 0 0 0 0 0 0 0 0 0 0 
Lo (10"3) s 27 216 0 0 0 0 0 0 0 0 0 1 
vs 217 0 0 0 1 1 1 1 1 1 1 
No Target 218 0 0 0 0 0 0 0 0 0 0 
219 0 0 0 0 0 0 0 0 0 0 
220 0 0 0 0 0 0 0 0 0 0 
Hi (10,...6) s63 221 0 0 0 0 0 0 0 0 0 0 
VS 222 0 0 0 0 0 0 0 0 0 1 
No Target 223 0 0 0 0 0 0 0 0 0 1 
224 0 0 0 0 0 0 0 0 0 0 
225 0 0 0 0 0 0 0 0 0 0 
Lo (10113) s63 226 0 0 0 0 0 0 0 0 0 1 
vs 227 0 0 0 0 0 0 0 0 0 0 
No Target 228 0 0 0 0 0 0 0 0 0 0 
229 0 0 0 0 0 0 0 0 0 1 
230 0 0 0 0 0 0 0 0 0 0 
Hi (10' 6) s44 231 0 0 0 0 0 0 0 0 0 0 
vs 232 0 0 0 0 0 0 0 0 0 0 
No Target 233 0 0 0 0 0 0 0 0 0 1 
234 0 0 0 0 0 0 0 0 0 0 
235 0 0 0 0 0 0 0 0 0 0 
Lo (10 ' 3) s44 236 0 0 0 0 0 0 0 0 0 0 
vs 237 0 0 0 0 0 0 0 0 0 0 
No Target 238 0 0 0 0 0 0 0 0 0 0 
239 0 0 0 0 0 0 0 0 0 0 
240 0 0 0 0 0 0 0 0 0 0 
No LAB 241 0 0 0 0 0 0 0 0 0 0 
VS 242 0 0 0 0 0 0 0 0 0 0 
No target 243 0 0 0 0 0 0 0 0 0 1 
244 0 0 0 0 0 0 0 0 0 0 
245 0 0 0 0 0 0 0 0 0 0 
Means 
HI o27vT21 0 0.2 0.6 1.2 2 2.8 
Lo s27v T21 0 0.4 1.2 1.8 2.2 2.6 
HI o27 v NoT 0 0 0 0 0 0 0 0 0 
Lo s27v NoT 0 0 0.2 0 .2 0 .2 0 0 .2 0.2 0.4 
Hi s63 vT21 0 0 0.2 0.4 1 1.4 2.2 2.4 
Lo s63 v T21 0 0 0 0.8 1.6 1.8 2 
Hi s63 vs NoT 0 0 0 .4 
Lo s63 vs NoT 0 0 0 0 0 0 0.4 
HI o44 vT21 0 0 0.6 0 .8 1.4 2.2 2.4 
Lo s44vT21 0 0.8 1 1.8 2.4 2.6 
Hlo44vNoT 0 0 0 0 0 0 .2 
Lo o44v NoT 0 0 0 0 0 
NoLABv T21 0 1 1.2 1.8 2.6 2.6 
NolABv NoT 0 0.2 
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C. Inhibitory activity of New Zealand L. sakei strains and L. sakei 23K (76) against 
E. coli 0157:H7 
E. coli 0157 
An PC so pLAB so cu~ure• std-PCR• 
Hi s63vs T3 6.30 1.13 7.04 0.14 7.03 0.29 100 100 
lo s63 vs T3 5.63 0.72 5.73 0.83 5.15 0.48 100 
Hi s76vs T3 5.54 1.18 5.44 1.20 3.02 0.00 100 100 
Lo s76 vs T3 6.02 0.70 6.02 0.51 3.02 0.00 100 
Hi s44vs T3 5.94 0.45 5.89 0.58 3.41 0.37 100 100 
Lo s44 vs T3 5.97 0.27 5.91 0.30 3.02 0.00 100 
Hi s63 NoT 6.93 0.57 6.79 0.51 6.82 0.34 20 0 
Lo s63 NoT 5.83 0.86 5.64 0.70 5.25 0.43 0 
Hi s76 NoT 5.97 0.65 5.96 0.65 4.00 0.57 0 
Lo s76 NoT 5.65 0.26 4.97 2.87 3.02 0.00 0 
Hi s44 NoT 4.83 1.1 5 3.56 0.69 3.37 0.47 0 
Lo s44 NoT 5.39 1.06 4.96 1.46 3.02 0.00 20 0 
No LAB vs T3 5.25 1.44 5.11 1.42 3.02 0.00 80 80 
No LAB vs NoT 5.63 1.02 5.73 1.39 3.02 0.00 20 0 
• % packs positive by PCR 
•% packs positive by culture on ct-SMAC agar 




D. Inhibitory activity of Le. lactis strains against L. monocytogenes with and without 
complementation with milk extracts. 
L. monocytogenes 
AnPC SD pLAB SD MOX SD qPCR SD 
Hi s75 vs T1 1 5.38 1.02 5.57 1.33 1.26 0.39 
Hi s75 vs T11 sm 5.74 0.92 5.67 0.92 2.82 0.31 1.28 0.43 not done 
Lo s75 vs T11 5.29 1.52 3.59 3.33 2.02 0.00 1.08 0.13 (no growth) 
Lo s75 vs T11 sm 6.48 0.93 6.21 0.86 2.02 0.00 1.14 0.1 7 
Hi s122 vs T1 1 6.46 0. 77 6.02 0.36 2.08 0.13 1.35 0. 46 
Hi s122 vs T11sm 6.32 0.67 6.04 0.57 2.02 0.00 1.23 0.48 
Lo s122 vs T11 6.28 1.28 5.35 0.54 2.02 0.00 1.17 0.35 
Lo s122 vs T1 1sm 6.41 0. 91 6.13 0.72 2.33 0.71 1.53 1.14 
No LAB vs T11 5.66 1.42 5.45 1.19 2.02 0.00 1.23 0.34 
No LAB vs T11sm 7.04 0.56 6.59 0.51 2.08 0. 13 1.08 0. 13 
Hi s75 vs NoT 5.26 0.08 6.60 1.53 2.97 0.49 1.02 0.00 
Hi s75 vs NoTsm 5.50 1.19 5.66 1.04 3.13 0.05 1.02 0.00 
Lo s75 vs NoT 6.00 0. 96 6.48 1.64 2.56 0.76 1.02 0.00 
Lo s75 vs NoTsm 5.95 0.19 5.94 0.24 2.02 0.00 1.02 0.00 
Hi s122 vs NoT 7.82 0.00 6.81 0.00 2.02 0.00 1.02 0.00 
Hi s122 vs NoTsm 7.86 0.00 7.49 0.00 2.02 0.00 1.02 0.00 
Lo s122 vs NoT . . . . .. 
Lo s122 vs NoTsm . . . . .. 
No LAB vs NoT . . . . .. 





Hi (1 o• 6) s75 
VS 
1 0"2 L. monocytogenes T1 1 
·wli o (siied prepar ations) 
Pack 
~_.."'lr,-... .. ~ !";'.~)',;<; ,~:: ,, . ·. :-;.. ' • 
~ ~J
146 3 1.5E+06 4.9E+03 
4 
Wk-12 (Wka for shaded) 
L monocytogenes (MOX) IAnPC 
cfu dlln /ml /cm2' cfu dll n 
35 2 
11 2 







pLAB c·----~;' ,_- • ' ' . .. I L. monocytogenes (MOX) cfu diln /cm2'hoa !.i:.£.:L.._~·:d cfu dlln /cm2 ' 1 53 2 1.1E+05 5.04 10 1 2.1E+03 3.32 0 0 2 2 4.2E+03 3.62 2 1 4.2E+02 2.62 0 0 
2 1 3 4.4E+05 5.64 7 1 1.5E+03 3,16 1 0 2.1 E+01 1.32 unseeded controls 
34 4 7. 1E+06 6.85 5 1 1.0E+03 3.02 4 0 8.3E+011.92 ILAB-seededsamplesnottestedbecause o 
25 4 5.2E+06 6.72 6 1 1.3E+03 3.10 0 0 O.OE+OO 1.02 (paoks241-250) 
Hi(10• 6) s 75 6 
19 2 4.0E+04 4.60 17 2 3.5E+04 4.55 3 1 6.3E+02 2.80 0 0 O.OE+00 1.02 lshowedlmnotgm.;ngonbeef 
vs 7 
76 2 1.6E+05 5.20 85 2 1.8E+05 5.25 4 1 8.3E+02 2.92 0 0 O.OE+OO 1.02 
1Q•2 L.monocytogenes T11 8 146 3 1.5E+06 4.9E+03 68 -1 7.E+01 2.E-01 53 4 1.1E+07 7.04 55 4 1.1 E+077.06 7 1 1.5E+03 3.16 1 0 2.1E+011.32 
+Skim milk 9 
28 3 5.8E+05 5.77 27 3 5.6E+05 5.75 1 1 2.1E+02 2.32 0 0 O.OE+OO 1.02 
Lo (1 o• 3) s75 
VS 
10"2 L monocytogenes T1 1 
Lo (10• 3) s75 
vs 
1 0"2 L. monocytogenes T1 1 
+skim milk 
Hi (10• 6) s 122 
VS 
1 0•2 L. monocytogenes T11 
Hi (1 o• 6) s122 
VS 
1 0"2 L. monocytogenes T11 
+skim milk 
Lo (10• 3) s1 22 
vs 
10"2 L. monocytogenes T11 
Lo (1 0• 3) s122 
VS 




1 0"2 L. monocytogenes T11 
No LAB 
vs 
1 0"2 L. monocytogenes T11 
+Skim milk 
10 
586 2 1.2E+06 6.09 28 3 5.8E+05 5.77 4 1 8.3E+02 2.92 5 0 1.0E+02 2.02 11 6 2 1.3E+04 4.10 0 2 O.OE+OO 0.00 0 1 O.OE+OO 2.02 0 0 O.OE+OO 1.02 
12 

































68 -1 7.E+01 
68 -1 7.E+01 
68 -1 7.E+01 
68 -1 7.E+01 
68 -1 7.E+01 
68 -1 7.E+01 
11 4 2.3E+066.36- ·- - "57 3 1.2E+06 6.07 1 1 2.1 E+02 2.32 I 0 0 O.OE+OO 1.02 14 3 2.9E+05 5.46 24 3 5.0E+05 5.70 0 1 O.OE+OO 2.02 0 0 O.OE+OO 1.02 2.E-o 11 37 4 7.7E+06 6.89 59 3 1.2E+06 6.09 0 1 O.OE+OO 2.02 57 3 1.2E+06 6.07 23 3 4.8E+05 5.68 0 1 O.OE+OO 2.02 15 5 3.1 E+07 7.49 17 4 3.5E+06 6.55 0 1 O.OE+OO 2.02 12 4 2.5E+06 6.40 77 3 1.6E+06 6.21 0 1 O.OE+OO 2.02 11 3 2.3E+05 5.36 72 2 1.5E+05 5.18 0 1 O.OE+OO 2.02 2.E·D11 44 4 9.2E+06 6.96 12 4 2.5E+06 6.40 0 1 O.OE+OO 2.02 47 3 9.8E+05 5.99 32 3 6.7E+05 5.82 0 1 O.OE+OO 2.02 38 4 7.9E+06 6.90 20 4 4.2E+06 6.62 0 1 O.OE+OO 2.02 16 4 3.3E+06 6.52 15 2 3.1E+04 4.49 0 1 O.OE+OO 2.02 88 2 1.8E+05 5.26 70 2 1.5E+05 5.16 0 1 O.OE+OO 2.02 2.E-01 1 26 3 5.4E+05 5.73 35 3 7.3E+05 5.86 0 1 O.OE+OO 2.02 15 3 3.1 E+05 5.49 21 3 4.4E+05 5.64 0 1 O.OE+OO 2.02 121 5 2.5E+08 8.40 19 3 4.0E+05 5.60 0 1 O.OE+OO 2.02 15 4 3.1 E+06 6.49 17 4 3.5E+06 6.55 0 1 O.OE+OO 2.02 87 2 1.8E+05 5.26 87 2 1.8E+05 5.26 0 1 O.OE+OO 2.02 2.E-0 11 12 5 2.5E+07 7.40 58 4 1.2E+07 7.08 19 1 4.0E+03 3.60 27 3 5.6E+05 5.75 23 3 4.8E+05 5.68 0 1 O.OE+OO 2.02 67 4 1.4E+07 7.14 59 3 1.2E+06 6.09 0 1 O.OE+OO 2.02 8 2 1.7E+04 4.22 6 2 1.3E+04 4.10 0 1 O.OE+OO 2.02 33 3 6.9E+05 5.84 38 3 7.9E+05 5.90 0 1 O.OE+OO 2.02 2.E-011 27 4 5.6E+06 6.75 11 4 2.3E+06 6.36 0 1 O.OE+OO 2.02 8 2 1.7E+04 4.22 9 2 1.9E+04 4.27 0 1 O.OE+OO 2.02 94 4 2.0E+07 7.29 21 4 4.4E+06 6.64 0 1 O.OE+OO 2.02 15 4 3.1 E+06 6.49 I 33 4 6.9E+06 6.84 0 1 O.OE+OO 2.02 
50 3 1.0E+06 6.02 0 1 O.OE+OO 2.02 2.E·011 50 4 1.0E+07 7.02 40 4 8.3E+06 6.92 1 1 2.1 E+02 2.32 
61 4 1.3E+07 7.10 0 1 O.OE+OO 2.02 20 4.2E+07 7.62 55 3 1.1 E+06 6.06 0 1 O.OE+OO 2.02 
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0 6.3E+01 1.80 
0 O.OE+OO 1.02 
0 8.3E+01 1.92 
0 O.OE+OO 1.02 
0 O.OE+OO 1.02 
0 O.OE+OO 1.02 
0 1.3E+02 2.10 

































2.1 E+01 1.32 
O.OE+OO 1.02 
O.OE+OO 1.02 
(3 .20. contd.) 
Hi (10•6) s75 301 I I 10 3 2. 1 E+05 5.32 I 16 3 3.3E+05 5.52 I 10 1 2. 1 E+03 3.32 I 0 0 O.OE+OO 1.02 
VS 302 
No Target 303 146 3 1.5E+06 4.9E+03 I 7~ ~ I I I 304 1.6E+05 5.20 23 5 4.BE+07 7.68 2 1 4.2E+02 2.62 0 0 O.OE+OO 1.02 305 
--
Hi (10•6) s75 306 1 22 2 4.6E+04 4.66 I 40 2 8.3E+04 4.92 I 7 1 1.5E+03 3.16 I 0 0 O.OE+OO 1.02 
vs 307 
No target 308 146 3 1.5E+06 4.9E+03 
11o: ~ I +skim milk 309 2.2E+06 6.34 12 4 2.5E+06 6.40 I 6 1 1.3E+03 3.10 I 0 0 O.OE+OO 1.02 310 
Lo (10'3) s75 311 1 23 4 4.BE+06 6.68 I 21 5 4.4E+07 7.64 I 6 1 1.3E+03 3.10 I 0 0 O.OE+OO 1.02 
vs 312 
No Target 313 150 0 1.5E+03 5.0E+OO I 1~ ~ I I I 314 2.1 E+05 5.32 10 3 2.1 E+05 5.32 0 1 O.OE+OO 2.02 0 0 O.OE+OO 1.02 315 
Lo (10•3) s75 316 1 sa 3 1.2E+06 6.08 T 62 3 1.3E+06 6.11 I 0 1 O.OE+OO 2.02 I 0 0 O.OE+OO 1.02 
vs 317 
No Target 318 150 0 1.5E+03 5.0E+OO 
I 3: ~ I +skim milk 319 6.5E+05 5.81 28 3 5.BE+05 5.77 I 0 1 O.OE+OO 2.02 I 0 0 O.OE+OO 1.02 320 
Hi (10•6) s122 321 1 32 s 6.7E+07 7.82 I 31 4 6.5E+06 6.81 I 0 1 O.OE+OO 2.02 I 0 0 O.OE+OO 1.02 
vs 322 
No Target 323 8 2 B.OE+03 2.7E+01 
324 
325 
Hi (10•6) s122 326 
2.7E+011 
1 35 s 7.3E+07 7.86 I 15 5 3.1 E+07 7.49 I 0 1 O.OE+OO 2.02 I 0 0 O.OE+OO 1.02 
vs 327 
No target 328 8 2 B.OE+03 
+skim milk 329 
330 
Lo (10.3) s122 331 
vs 332 
No Target 3331 8 0 B.OE+OO 2.7E·02 
334 
335 
Lo (10•3) s122 336 
vs 337 
No Target 3381 8 0 B.OE+OO 2.7E-02 
+skim milk 339 
340 
No LAB 341 
VS 342 
No Target 343 
344' 
345 
No LAB 346 
vs 347 
No Target 348 
+skim milk 349 
350 
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4.1 Organoleptic and microbiological data for a trial examining the treatment of 
vacuum-packaged stored lamb with a three-strain L. sakei cocktail 
A. Lamb slice seeding strategy 
generic Code code animal side storage time trt position 
11.LT l 14 1 1 KEY 2 1.LM 14 trt 3 1.LB 14 1 Nil LAB {0) 41.RT 8 
lo LAB (30) 5 1.RM 8 
Hi LAB {3000) 6 1.RB 8 
7 2.LT 
position 8 2.LM 
1 Top (hip end) 9 2.LB 
Middle 10 2.RT 10 Bottom {hoof end) 11 2.RM 10 
12 2.RB 10 
13 3.LT 10 
14 3.LM 10 
15 3.LB 10 
16 3.RT 14 
17 3.RM 14 6111.LT 11 12 
18 3.RB 14 62 ll.LM 11 12 
19 4.LT 12 6311.LB 11 12 
20 4.LM 12 6411.RT 11 R 10 
21 4.LB 12 65 ll.RM 11 R 10 
22 4.RT 14 6611.RB 11 R 10 
23 4.RM 14 67 12.LT 12 8 
24 4.RB 14 6812.LM 12 8 
25 S.LT 10 69 12.LB 12 8 
26 S.LM 10 70 12.RT 12 6 
27 S.LB 10 7112.RM 12 6 
28 S.RT 12 72 12.RB 12 6 
29 S.RM 12 73 13.LT 13 
30 S.RB 12 7413.LM 13 8 
31 6.LT 75 13.LB 13 8 
32 6.LM 7613.RT 13 12 
33 6.LB 7713.RM 13 12 
34 6.RT 12 7813.RB 13 12 
35 6.RM 12 79 14.LT 14 14 
36 6.RB 12 80 14.LM 14 14 
37 7.LT 12 8114.LB 14 14 
38 7.LM 12 82 14.RT 14 6 
39 7.LB 12 83 14.RM 14 6 
40 7.RT 14 8414.RB 14 6 
41 7.RM 14 85 15.LT 15 10 
42 7.RB 14 8615.LM 15 10 
43 8.LT 6 8715.LB 15 10 
44 S.LM 6 8815.RT 15 R 8 
45 8.LB 8915.RM 15 R 8 
46 8.RT 90 15.RB 15 8 
47 8.RM R 




52 9.RT R 10 
53 9.RM R 10 
54 9.RB R 10 
55 10.LT 10 14 
56 lO.LM 10 14 
57 lO.LB 10 14 
58 lO.RT 10 6 
59 lO.RM 10 
60 10.RB 10 
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(4.1. contd.) 
B. Microbial development during storage 
Mean Values 
wkO wk6 so wkB so wk10 so wk12 so wk14 
dripVol no seed 0.7 0.7 2.5 1.6 3.9 2.2 5.7 3.6 3.5 
/ml Lo seed 1.1 1.0 2.9 1.7 3.8 1.2 4.3 3.1 2.5 
Hi seed 2.3 1.6 2.6 2.0 4.7 3.6 4.5 3.3 4.5 
pH no seed 6.30 0.21 6.16 0.21 5.99 0.16 6.00 0.27 6.09 
Lo seed 6.19 0.31 6.15 0.28 5.80 0.21 5.79 0.28 5.85 
Hi seed 6.11 0.24 5.94 0.37 5.81 0.18 5.77 0.30 5.81 
smr63 no seed 1.32 0.00 1.32 0.00 1.32 0.00 1.32 0.00 1.32 
Lo seed 1.24 4.66 0.43 5.61 0.95 5.99 0.74 6.41 0.71 6.36 
Hi seed 3.24 5.35 0.69 6.1 6 0.50 6.27 0.43 6.22 0.76 6.38 
rif'27 no seed 1.32 0.00 1.32 0.00 1.32 0.00 1.32 0.00 1.32 
Lo seed 1.76 6.13 0.3 1 6.83 0.83 7.34 0.49 7.71 0.75 7.75 
Hi seed 3.76 6.77 0.47 7.58 0.34 7.62 0.18 7.96 0.31 8.23 
NE ri( 44 no seed 1.32 0.00 1.32 0.00 1.32 0.00 1.32 0.00 1.32 
~ Loseed 0.57 4.96 0.40 5.83 0.41 7.09 0.37 6.42 0.53 7.18 
-5 Hi seed 2.57 5.47 0.74 6.65 0.28 7.25 0.14 6.67 0.42 7.22 .. pLAB no seed 2.97 1.20 3.60 1.25 3.95 0.63 3.65 1.81 1.32 .s Loseed 6.13 0.27 6.79 0.86 7.50 0.52 7.72 0.78 7.98 
Hi seed 6.69 0.35 7.56 0.27 7.63 0.24 7.89 0.23 8.17 
Entero no seed 0.95 0.95 2.65 1.39 4.12 2.15 3.15 2.06 5.26 
Lo seed 2.19 1.46 1.32 0.00 3.69 1.36 4.07 1.67 2.60 
Hi seed 1.80 1.29 2.1 5 1.03 2.82 2.26 2.85 1.10 3.60 
AnPC lnc seed no seed 3.71 1.18 4.53 1.87 5.11 2.32 7.05 1.28 7.02 
Loseed 6.19 0.32 7.00 0.88 7.57 0.45 7.84 0.56 8.04 
Hi seed 6.83 0.50 7.70 0.34 7.61 0.12 8.03 0.31 8.28 
Note: Seed LAB were not detected in no-seed (control) packs. Recorded values of 
1.32 = log half MLD of 42 cfu cm-2. 
Asterisk (*) = not tested 
sm' 63 = streptomycin resistant L. sakei 63 
rif 27 = rifampicin resistant L. sakei 27 






























post-oppH am' L uk•i 53 
•loslcm2 
rtfLubl xr 
stored oode Seed Pack .... .... surlae• du diln =I -cm2 cfudiln ""'' 
0 Hi cap 23 3 1.2E+Cl6 1.7E+03 3.2. T7 3 3850000 
Lo ~ 1.7E+01 1.24 
2LT 7 0 + ++ ++ 6.43 0 0 O.OE+OO O.OE+IXI 1.32 0 0 O.OE+OO 
2LM HI 8 0.5 + ++ ++ 6.35 10 3 1.0E+05 4.2E+OS 5.62 15 4 1.SE+Oe 
2LB Lo • 0.25 ++ ++ .. 6.22 , 2 2.1E+04 8 .8E+04 4.94 85 3 8.5E+OS 6LT 31 , ++ ++ ++ 5.89 0 0 O.OE+OO O.OE+OO 1.32 0 0 O.OE+OO 
6LM HI 32 5 + ++ ++ 5.69 • 4 !ii.OE+OS 3.8E+06 6.57 .. 4 4.&E+Oe 6LB Lo 33 2 ++ ++ +frt 5.86 176 , 1.8E+04 7.3E+04 4.87 18 3 1.6E+05 
8LT Lo 43 0.4 ++ ++ ++ 6.52 206 , 2.1E+04 8.6E+04 -U3 76 3 H~E+05 
6 
8LM 44 0.6 + ++ ++ 6.36 0 0 O.OE+OO O.OE+OO 1.32 0 0 O.OE+OO 
BLB HI 45 2.5 ++ ++ ++ 6.18 18 2 1.8E+04 7.5E+04 4.88 40 3 4JIE+05 
10RT HI 58 , + ++ ++ 6.06 124 , 1.2E+04 5.2E+04 4.71 42 3 4.2E+05 
l OAM Lo 50 1.5 ++ ++ ++ 6.04 235 , 2.o4E+04 9.8E+04 U9 27 3 2.7E..OS 
lORB 60 0.4 ++ ++ ++ 6.32 0 0 O.OE-+00 O.OE+OO 1.32 0 0 O.OE+OO 
12AT Lo 70 0.2 .. ++ ++ 6.59 25 , 2.5E...OO 1.0E+04 4.02 , 3 2.1E+05 
12AM 71 2 ++ ++ ++ 6.44 0 0 O.OE+OO O.OE+OO 1.32 0 0 O.OE+OO 
12AB HI 72 2 .. ++ ++ 6.30 6 3 6.0E+04 2.5E+05 5.40 52 4 5.2E+05 
14AT HI 82 2.5 ++ ++ ++ 6.10 207 , 2.1E+04 8.6E+04 4.94 fOB 3 1.1E+05 
14AM Lo 83 2.5 + ++ ++ 5.91 4 2 4.0E...o3 1.7E+04 4.22 20 3 2.0E..OS 
14AB .. 0.2 ++ ++ ++ 6.34 0 0 O.OE+OO O.OE+OO 1.32 0 0 O.OE+OO 
fAT HI 4 2.5 + ++ ++ 5.82 157 2 1.6E+OS 6.5E+05 5.82 20 4 2.0E+05 
f RM Lo 5 5 ++ ++ ++ 5.97 127 2 1.3E+05 5.3E+05 5.72 15 4 1.5E+Oe 
fRB 6 3 ++ ++ ++ 6.00 0 0 O.OE-+00 O.OE+OO 1.32 0 0 O.OE+OO 
8RT .. , + ++ ++ 6.33 0 0 O.OE+OO O.OE+OO 1.32 0 0 O.OE+OO 
6RM HI 47 3 ++ ++ ++ 6.03 B 4 8.0E+05 3.3E+06 6.52 85 4 8.5E+Oe 
6RB Lo .. 3 + ++ ++ 6.24 10 3 1.0E+05 4.2E..05 5.62 ,. 4 1.4E+Oe 
OLT 40 4 ++ ++ ++ 6.27 0 0 O.OE+OO O.OE+OO 1.32 0 0 O.OE+OO 
OLM HI 50 6 ++ ++ ++ 5.87 , 4 1.2E+05 5.0E.o6 6.70 ,. 4 1.1E+07 
8 OLB Lo 51 0.2 ++ ++ ++ 6.23 34 4 3.4E+05 1.4E+07 7.15 15 5 1.5E+07 12LT HI 07 , + ++ .. 6.50 ,,. 2 1.2E+05 4.9E+05 5.69 17 5 1.7E+07 
12LM Lo .. 2 ++ ++ ++ 6.48 37 2 3.7E+04 1.5E+05 5.19 .. 4 8.8E+Oe 
12LB 00 0.2 ++ ++ ++ 6.36 0 0 O.OE+OO O.OE+OO 1.32 0 0 O.OE+OO 
13LT Lo 73 3 ++ ++ ++ 6.28 4 2 4.0E+03 1.7E+04 4.22 07 2 6.7E+04 
13LM 74 • ++ ++ ++ 6.1 6 0 0 O.OE+OO O.OE+OO 1.32 0 0 O.OE..OO 
13LB HI 75 3 + ++ ++ 6.03 102 2 1.0E+OS 4.3E+05 5.63 ,. 4 1.2E+07 
15AT Lo .. • .. ++ ++ 5.68 130 2 1.3E+05 5.4E+05 5.73 10 4 1.0E+05 15AM •• 2.5 + ++ ++ 5.83 0 0 O.OE+OO O.OE+OO 1.32 0 0 O.OE+OO 
15AB HI 90 0.3 ++ ++ ++ 5.37 10 4 1.0E+OI5 4.2E+06 6.62 ,. 5 1.4E+07 
2RT Lo 10 2 + ++ ++ 6.06 • 4 6.0E+05 2.5E+06 6.40 13 5 1.3E+<l7 2RM , 0.5 + ++ ++ 6.10 0 0 O.OE+OO O.OE...OO 1.32 0 0 O.OE+OO 
2RB HI , 0.2 ++ ++ ++ 6.01 128 3 1.3E+06 5.3E+06 6.73 , 5 UE+07 
3LT HI 13 • ++ ++ .. 5.78 23 3 2.3E+05 !USE+05 5.98 71 4 7.1E+015 3LM Lo ,. • + ++ ++ 5.45 34 4 3.4E+06 1.4E+07 7.15 22 5 2.2E+07 
3LB 15 • ++ ++ ++ 6.15 0 0 O.OE+OO O.OE+OO 1.32 0 0 O.OE+OO 5LT 25 6 ++ ++ ++ 5.84 0 0 O.OE+OO O.OE+OO 1.32 0 0 O.OE+OO 
10 
5LM HI ,. 10 ++ ++ .. 5.67 03 3 9.3E+05 3.9E.o6 6.59 71 4 7.1E+06 
5LB Lo 27 5 + ++ ++ 5.80 7 3 7.0E+04 2.9E+05 5.46 10 4 1.0E+05 
9RT HI 52 3 ++ ++ .. 5.87 , 3 1.2E+05 5.0E+05 5.70 102 4 1.0E+07 
ORM Lo 53 4 + ++ ++ 5.92 162 2 1.6E+05 6.8E+05 5.83 52 4 5.2£+()6 
9RB 54 2 ++ ++ ++ 6.14 0 0 O.OE+OO O.OE+OO 1.32 0 0 O.OE+OO 
11AT Lo .. 5 + ++ .. 5.89 26 2 2.6E+04 1.1E+05 5.03 24 4 2.4E+08 
11AM 65 6 + ++ ++ 5.93 0 0 O.OE+OO O.OE-+00 1.32 0 0 O.OE+OO 
11RB HI .. 3 + ++ .. 5.98 103 3 1.0E-+06 4.3Et06 6.63 60 4 6.9E+08 
15LT 85 5 + ++ ++ 5.78 0 0 O.OE+OO O.OE+OO 1.32 0 0 O.OE+OO 
15LM HI .. 8 + ++ .. 5.55 22 3 2.2E+05 9.2£+05 5.96 ,. 5 1.4E+07 
15LB Lo 87 3 ++ ++ ++ 5.67 26 3 2.6E+OS 1.1 E+06 6.03 62 4 8.2E+06 
4LT Lo ,. 6 + ++ ++ 5.60 13 4 1.3E+06 5.4E+06 6.73 , 5 1.9E+07 
4LM 20 10 + ++ +pw 5.98 0 0 O.OE+OO O.OE+OO 1.32 0 0 O.OE+OO 
4LB HI , 3 ++ ++ +pw 5.60 54 4 5.4E+06 2.3E+07 7.35 22 5 2.2E+07 
5RT 28 10 ++ ++ +Ish 5.75 0 0 O.OE+OO O.OE+OO 1.32 0 0 O.OE+OO 
5RM HI ,. B ++ ++ ++ 5.51 T7 3 7.7E+05 3.2Et06 6.51 07 4 6.7E+08 
5RB Lo 30 2 + ++ .,, 5.76 <8 2 4.6E+04 1.9E...05 5.28 30 3 3.9E+OS 
12 6RT 34 5 + ++ ++ 5.69 0 , O.OE+OO O.OE+OO 1.32 0 0 O.OE+OO 6RM HI 35 B ++ ++ ++ 5.44 82 3 6.2E+05 2.6Ei06 6.41 22 5 2.2E+07 
6RB Lo 36 3 .. ++ +pw 5.62 28 4 2.8E+06 1.2E+07 7.07 , .. 4 2.0E+07 
7LT H; 37 , + ++ ++ 6.23 10 3 1.0E+05 4.2E.OS 5.62 22 5 2.2E+07 
7LM Lo .. 2 ++ ++ ++ 6.34 ,. 3 1.4E.05 5.8E+05 5.77 24 5 2.4E..o7 
7LB 30 , ++ ++ +fir 6.43 0 0 O.OE.OO O.OE.OO 1.32 0 0 O.OE+OO 
11LT HI 61 6 + ++ ++ 5.83 34 2 3.4E+04 1.4Ei05 5.15 24 5 2.-iE+07 
11LM Lo 62 10 + ++ ++ 5.81 15 4 1.5E+06 6.3E+06 6.80 21 5 2.1E.07 
11LB 83 4 ++ ++ +pw 6.06 0 0 O.OE+OO O.OE+OO 1.32 0 0 O.OE+OO 
13RT Lo 76 3 + ++ .. 5.61 15 4 1.5E+06 6.3E+06 6.80 48 5 4.8E+07 
13AM T7 • + ++ +fir 6.09 0 0 O.OE+OO O.OE.OO 1.32 0 0 O.OE+OO 13RB HI 78 0.75 ++ ++ ++ 5.98 48 3 4.8E+05 2.0Ei06 6.30 .. 5 6.6E+07 
fLT , 10 + ++ .. 5.80 0 0 O.OE+OO O.OE+OO 1.32 0 0 O.OE+OO 
fLM HI 2 7 + ++ ++ 5.42 32 4 3.2E+06 1.3E+07 7.12 50 5 5.8E+07 
lLB Lo 3 , + ++ ++ 5.42 40 3 4.0E+05 1.7E+06 6.22 25 5 2.5E+07 
3RT Lo 16 2 ++ ++ +frt 5.83 31 3 3.1E+OS 1.3E+06 6.11 28 5 2.8E.07 
3RM 17 3 + ++ .. 6.32 0 0 O.OE.OO O.OE+OO 1.32 0 0 O.OE+OO 
14 3RB HI 
,. 3 + ++ ++ 5.95 13 3 1.3E...05 5.4E+OS 5.73 30 5 3.SIE+07 
<RT 22 5.5 + ++ ++ 6.05 0 0 O.OE+OO O.OE+OO 1.32 0 0 O.OE+OO 
4RM HI 23 10 ++ ++ .. 5.48 46 3 4.6E+05 1.9E+06 6.28 31 5 3.1 E.07 
4RB Lo 24 3 ++ ++ ++ 5.75 27 4 2.7E+06 1.1E+07 7.05 52 5 5.2E+07 
7RT Lo 40 0.5 + ++ ++ 6.20 13 4 1.3E+06 5.4Ei06 6.73 27 3 2.7E+OS 
7RM ., 0.5 ++ ++ .. 6.11 0 0 O.OE+OO O.OE..OO 1.32 0 0 O.OE..OO 
7RB HI 42 0.75 ++ ++ ++ 6.04 36 3 3.6E+05 1.5E+06 6.18 5B 5 5.8E+07 
10LT HI 55 3 ++ ++ ... 5.84 45 3 4.5E+05 1.9E+06 6.27 26 5 2.6E+07 
10LM Lo 50 1.5 ++ ++ ++ 6.07 26 3 2.6E+05 1.1E+06 6.03 145 4 1.5E+07 
10LB 57 0.75 + ++ .,, 6.00 0 0 O.OE..OO O.OE+OO 1.32 0 0 O.OE+OO 
14LT HI 70 3 ++ ++ .. 6.11 , 4 1.1£.+06 4.6E+06 6.66 43 5 4.3E...07 
14LM Lo eo 7 ++ ++ fd 5.80 26 3 2.6E.05 1.1 E..o6 6.03 .. 5 4.4E+07 
14LB ., , + ++ +fir 6.23 0 0 O.OE+OO O.OE..OO 1.32 0 0 O.OE+OO 
Vacuum: ++, tight with no bubbles; +, tight with a few small bubbles. 
Visual: ++, OK with no obvious blemishes. 
rifLAb/44 
-cm2 -logc:m2 """"' """ "'"'2 
5.8E..OO 3.76 5 3 2.SE+05 3.8E..o2 
5.8E+01 1.76 3.8E+OO 
O.OE+OO 1.32 0 0 O.OE+OO O.OE+OO 
6.3E+Il8 o.eo ,. 2 UIE+04 7.iE+04 
3.5E-+Oe 6.55 85 2 8.5E+04 3.5E.OS 
O.OE+OO 1.32 0 0 O.OE+OO O.OE...OO 
1.SIE+07 7.28 20 4 2.0E+O& 8.3E+Cl8 
6.7E+05 5.82 14 2 1.4E+04 5.8E+04 
3.2E+Oe 0.50 , 2 2 .1E+04 8.6E+04 
O.OE..OO 1.32 0 0 O.OE..OO O.OE+OO 
2.0E+O& 6.31 23 2 2.3E+04 !il.e€:+04 
1.8E+O& 6.24 30 2 3.!iiE+04 1.GE+05 
1.1E+05 6.05 47 2 4.7E+04 2.0E..OS 
O.OE-+00 1.32 0 0 O.OE-+00 O.OE+OO 
8.8Et05 5.04 74 , 7.4E.OO 3.1E+04 
O.OE+OO 1.32 0 0 O.OE+OO O.OE+OO 
2.2E+07 7.34 .. 2 6.6E+04 2.8E+05 
4.5E+05 6.65 0 3 6.0E+04 2.5E+05 
8.3E+05 5.92 , 2 1.2E+04 5.0E+04 
O.OE+OO 1.32 0 0 O.OE-+00 O.OE+OO 
8.3E+05 6.92 eo 3 6.0E+05 2.5E+05 
6.3E+Oe 8.80 51 3 5.1E+05 2.1 E+Oe 
O.OE+OO 1.32 0 0 O.OE+OO O.OE+OO 
O.OE+OO 1.32 0 0 O.OE+OO O.OE+OO 
3.5E+07 7.55 • 4 9.0E+OS 3.8E+05 5.8E+06 O.T7 51 3 5.1 E+OS 2.1E+06 
O.OE+OO 1.32 0 0 O.OE+OO O.OE+OO 
4.8E+07 7 ... 13 4 1.3E+06 5.4E+Oe 
6.3E+07 7.80 13 3 1.3E+OS 5.4E+OS 
7.1E+07 7.85 8 4 B.OE+OS 3.3E..o& 
3.7E+07 7.50 7 3 7.0E+04 2.9E+05 
O.OE+OO 1.32 0 0 O.OE-+00 O.OE+OO 
2.8E+OS 5.45 , 3 1.2E...OS 5.0E+05 
O.OE+OO 1.32 0 0 O.OE+OO O.OE+OO 
S.OE+07 7.70 36 4 3.6E+015 1.5E+07 
4.2E+Oe 6.82 80 2 6.0E+04 2.5E+05 
O.OE+OO 1.32 0 0 O.OE+OO O.OE+OO 
5.8E+07 7 .T7 8 4 8.0E+05 3.3E+O& 
5.4~+07 7.73 40 4 4.~+06 1.Slr;+07 
O.OE+OO 1.32 0 0 O.OE+OO O.OE..OO 
7.9E+07 7.90 30 4 3.9E+06 1.6E+07 
3.0E+07 7.47 55 4 5.5E...o6 2.3E+07 
9.2E+07 7.06 05 4 6.5E...oe 2.7E+07 
O.OE-+00 1.32 0 0 O.OE-+00 O.OE+OO 
O.OE+OO 1.32 0 0 O.OE+OO O.OE+OO 
3.0E+07 7.47 35 4 3.5E..oe 1.5E+07 
4.2E+OI5 0.82 80 3 e.oe...os 2.5E+Oe 
4.3E+07 7.03 71 4 7.1E+06 3.0E+07 
2.2E+07 7.34 36 4 3.6E..oe 1.5E+07 
O.OE-+00 1.32 0 0 O.OE-+00 o.oe..oo 
1.0E+07 7.00 23 4 2.3Et06 9.6E+06 
O.OE-+00 1.32 0 0 O.OE-+00 O.OE+OO 
2.9E+07 7.40 43 4 4.3E+06 1.8E+07 
O.OE+OO 1.32 0 0 O.OE+OO O.OE+OO 
5.8E+07 1 .T7 28 4 2.BE+06 1.2E+07 
2.6E+07 7.41 42 4 4.2E+06 1.8E+07 
7.9E+07 7.90 18 4 1.8E+OI5 7.5E+06 
O.OE+OO 1.32 0 0 O.OE+OO O.OE+OO 
9.2E+07 7.06 • 4 SI.OE+OS 3.8E+015 O.OE-+00 1.32 0 0 O.OE-+00 O.OE+OO 
2.8E+07 7.45 .. 3 8.8E...OS 3.7E+O& 
1.6E+015 6.21 110 2 1.1 E...OS 4.6E..OS 
O.OE..OO 1.32 0 0 O.OE..OO O.OE+OO 
SI.2E+07 7.06 45 4 4.5E+015 1.9E.07 
8.3E+07 7.92 17 4 1.7E+08 7.1E+06 
SI.2Et07 7.06 25 3 2.5E+05 1.0E+08 
l .OE+OEI 8.00 32 3 3.2E+05 1.3E+06 
O.OE+OO 1.32 0 0 O.OE+OO O.OE+OO 
l.OE+08 8.00 20 4 2.0E..oe 8.3E+015 
8.8E+07 7.94 ,. 4 U E.OS 7.9E+Oe 
O.OE..OO 1.32 0 0 O.OE.OO O.OE+OO 
2.0E+06 8.30 30 3 3.0E+05 1.3E.OS 
O.OE..OO 1.32 0 0 O.OE+OO O.OE+OO 
2.8E+08 8.44 , 4 1.1E+06 4.6£+06 
O.OE..OO 1.32 0 0 O.OE+OO O.OE+OO 
2.3E+08 8.37 22 4 2.2E+Oe i.2E+015 
1.0E..oe 8.02 28 4 2.8E+06 1.2E+07 
1.2Et06 8.07 10 4 1.6E+06 6.7E+OI5 
O.OE+OO 1.32 0 0 O.OE-+00 O.OE..OO 
1.6EtOB 8.21 57 4 5.7E.OS 2.4E+07 
O.OEtOO 1.32 0 0 O.OE..OO O.OE+OO 
1.3E+08 8.11 45 4 4.5E+06 U E+07 
2.2E+08 8.34 42 4 4.2E+08 1.8E..o7 
1.1E+015 8 .05 51 4 5.1 E+015 2.1E+07 
O.OE-+00 1.32 0 0 O.OE+OO O.OE+OO 
2.4E+08 8.38 13 5 1.3E+07 5.4Et07 
1.1 E+OB 8.03 13 4 1.3E...OS 5.4E+08 
6.0E+07 7.78 37 4 3.7E+015 1.5E.07 
O.OE+OO 1.32 0 0 O.OEtOO O.OE+OO 
1.8E+08 8.25 ., 4 4.1E+08 1.7E+07 
1.8Et06 8.26 ., 4 6.1E+015 2.5E+07 
O.OEtOO 1.32 0 0 O.OE+OO O.OE+OO 





























































































( 4.1B. contd.) 
pLAB EnWobKteri~~CUe An PC weeks 
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" " <6 .. 
so 
51 ., .. .. 
" " 75 .. .. .. 

























" " ., 
" 55 .. 
57 
" ..., 
o o.oE...oo o.OE+OO 
22 " 2.2E+Oe 9.2E+OS 
73 3 7.3E+OS 3.0E+Oe 
17 1.7E..o3 7.1 E+03 
111 1.8E+OS 7 .5E+Oe 
18 3 1.8E+05 7.5E...OS 
eo 3 e.oe+OS 2.5E+Oe 
31 3.1 E+03 1.3E+Oo4 
e2 a.2E+05 2.8E+O& 
35 3.5E+05 1.5E+06 
~ aE+OS 1.2E+Oe 
38 3.8E..o2 1.&E+03 
1&4 UE+OS 15.8E+05 
12 1.2E+03 5.0E+03 
28 2.8E...OS 1.2E+07 
toe 1.1 e..oe ... se+O& 
31 3.1E+05 1.3E+Oe 
1 1.0E-t<l1 4.2E+01 
30 3.oE..oe 1.3E...o7 
10 1.0E...OS ... 2E..o& 
11 1.1E+03 ... 6E+03 
0 O.OE+OO O.OE..OO 
59 5.9E..o& 2.5E+07 
SI& 9.8E+05 "·1 E+CMI 
100 1.0E+03 ... 2E+03 
133 1.3E+07 5.5E+07 
2" 5 2 ... E+07 1.0E+08 
153 " 1.5E+07 6 ... E+07 
61 6.1 E..o& 2.5E+07 
38 3.8E+03 1.SE+Oo4 
159 6.9E+Ooi 2.9E+05 
29 2.9E+04 t .2E+05 
11 1.1E+07 ... ISE+07 
113 t.1E+06 ... 7E+06 
118 t .2E+03 ... 9E+03 
11 1.1 E+07 ".ISE+07 
11" " uE...o1 ... iE...o1 
71 7.1 E+03 3.0E+<M 
1-40 1 ... E+07 5.8E+07 
" ... OE+Oe 1.7E+07 
32 3.2E+07 1.3E+Oe 
2e 2.&E+03 1.1E+04 
18 1.8E+02 7.5E+02 
&e " 6.8E+06 2.8E+07 
10 1.0E..o& ... 2E..o& 
1" UE+07 5.8E+07 
38 " 3.8E+05 1.SE+07 
13 1.3E+03 s ... E+03 
12 1.2E+07 5.0E+07 
11 1.1E+04 ... SE+<W 
15 1.5E+07 8.3E+07 
21 2.1 E+03 3.3E+03 
t" t ."E+07 5.8E+07 
11 1.1E+07 ... ISE+07 
21 2.1 E+07 8.8E+07 
11 1.1E+04 ... 6E+04 
22 2.2E+07 9 .2E+07 
19 2 1.9E+<M 7.9E+<M 
80 8.0E+Oe 3.3E+07 
3-4 3."E+05 t."E+06 
29 2 2.9E+04 1.2E+05 
15 1.5E+07 6.3E+07 
15 1.5E+07 IS.3E+07 
20 2.0E+07 8.3E+07 
32 3.2E+07 1.3E+Oe 
0 O.OE+OO O.OE+OO 
20 2.0E+07 IS .3E+07 
35 3.5E+07 1.5E+03 
10 t.OE+Ool ... 2E+<M 
J.4 3 ... E+07 1 ... E+03 
O.OE+OO O.OE+OO 
-40 ... OE+07 1.7E..o8 
o o.oE...oo o .OE..oo 
418 ... 8E+07 2.0E+Oe 
18 1.8E+07 7.5E+07 
20 2.0E+07 8.3E+07 
0 O.OE+OO O.OE+OO 
-40 ... OE+07 1.7E+Oe 
0 O.OE+OO O.OE+OO 
31 3.1E+07 1.3E+Oe 
39 3.9E+07 1 .ISE+Oa 
23 2.3E+07 9.SE+07 
0 O.OE+OO O.OE+OO 
-43 5 ... 3E+07 1.1SE+08 
22 2.2E+07 9.2E+07 
1« UE+07 6.0E+07 
0 O.OE+OO O.OE+OO 
J.4 3 ... E+07 UE+03 
30 3.0E+07 t.3E+08 
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3 .15 22 
3.10 2000 
1.32 161 
0 o .OE..oo O.OE+OO 
0 5.0E+02 2.1 E+03 





5.0E+02 2.1 E+03 
0 II.OE+OO 3.3E+01 
1.0E+01 ... 2E+01 




5.0E+02 2.1 E+03 
1 .OE+OO ... 2E+OO 
2.0E+02 3.3E+02 
O.OE+OO O.OE+OO 
1 o.OE+OO o.oE+OO 
O.OE+OO O.OE+OO 
O.OE+OO O.OE+OO 
1 " .OE+03 t .7E+Ool 
5.15E+02 2.3E+03 
O.OE+OO O.OE+OO 
1 3 .6E+03 1.5E+Ool 
O.OE+OO O.OE+OO 
O.OE+OO O.OE+OO 
1 7 .2E+02 3.0E+03 
O.OE+OO O.OE+OO 
O.OE+OO O.OE+OO 
1 O.OE+OO O.OE+OO 
... OE+02 1.7E+03 
O.OE+OO O.OE+OO 
1 O.OE+OO O.OE+OO 
1 t .OE+Ot ... 2E+Ot 




t .OE+OO ... 2E+OO 
7 .8E+Ot 3.3E+02 
2.0E.os 8.3E+05 
O.OE+OO O.OE+OO 
0 9.0E+OO 3.8E+01 
2.5E+04 1.1 E+OS 
1.1E+<M ... 5E+Ool 
7 .0E+02 2.11E+03 
2.5E+05 1.0E...OS 
3.0E+<M 1.3E+05 




1 ... E+01 5.8E+01 
t . tE+Ooi UE+Ool 
3 6.9E+Ooi 2.9E+05 




1 O.OE+OO O.OE+OO 
1 8.0E+01 3.3E+O'.Z 




9 ... E+02 3.9E+03 
1.6E+02 6.7E+02 
3 5.8E+Ool 2.3E+05 
2 .8E+03 1.1 E+Ool 
O.OE+OO O.OE+OO 
3 t.3E+Ooi 5."E+04 
1 8.0E+03 3.3E+04 
2.6E+02 1.2E+03 
6.0E+01 3.3E+02 
t .OE+01 ... 2E+01 
1.0E+<M ... 2E+Ool 
1 ... OE+03 1.7E+<l" 
" 2.3E+05 9.8E+05 
2.0E+01 6.3E+01 
1.0E+01 " .2E+01 
1.0E+<l" ... 2E+04 
7 ... E+02 3.1E+03 
1 1.5E+03 8.1 E+OJ 









































































































80 ,. ... 
10 
8 











0 ,. ,. 
0 
"" 17 















" "" 10 , 
31 
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2.7E+03 1.1 E+04 
UE+03 1.9E+04 
t .OE+03 ... 2E+03 





e.oE+03 2 .5E+04 
2.9E+03 1.2E+<M 
... OE+03 1.7E+04 
1.0E+06 ... 2E+OS 
8.0E+02 3 .3E+03 
s ... e+0-4 2.3E+OS 
7.1E+03 3.0E+Ool 
9.1SE+O<I " .OE+OS 
... 2E+04 1.8E+05 
UE+03 5.8E+03 
3.8E+Oo4 1.8E+05 
2.7E+05 1.1 E+OIS 
3.tE+Oo4 t .3E+05 
1.8E...o3 7.5E+03 





1.7E+Oo4 7 .1E+<M 
3.3E+03 t ... e..o.. 
O.OE+OO O.OE+OO 
1.8E+Oo4 7.5E+04 
2.0E...OS 8 .3E..OS 




2.7E...OS t . tE+OIS 
1.1E..o& ... 8E+O& 
1.1E+05 ... ISE+OS 






5 1.0E+07 ".2E+07 
2.3E+03 9 .8E+03 







2 2."E+~>' 1.0E+05 
3.8E+OIS 1.5E+07 
1.9E+Oo4 7.9E+<W 
" t.te...oe ... ae...oe 
5 3.1E+07 1.3E+OII 
2.7E+03 1.1E+<W 
1.8E+OIS 7 .SE+Oe 
1 .OE+07 ... 2E+07 
5 1."E+01 5.iE+07 
1 1.1E...OO ... ISE+03 
O.OE+OO O.OE+OO 
1.8E+05 7.5E+05 
2 5.1E+Oo4 2 .1E+05 
5.1E+03 2 .1E+04 
1.5E+05 8.3E+05 
1 1.0E+02 ... 2E+02 
O.OE+OO O.OE+OO 
3.2E+OS 1 .3E+OIS 
5 7.7E+07 3.2E+OII 
1 2.5E+03 1.0E+<W 
O.OE+OO O.OE+OO 
5.0E+02 2.1E+03 
1.8E+07 7 .5E+07 
2 2.VE+Ool 1.2E+05 
1.5E+05 8.3E.05 
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3.02 
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C. Organic acid and alcohol levels in stored lamb 
Mean Values (ng cm-2) 
wko wk6 SD wk8 SD wk10 SO wk12 SO wk14 SD 
I- Ethanol no seed 15.3 • 866.2 1646 709.9 1571 1906.3 2020 1273.0 2041 
Lo seed 20.5 13 6858.6 9121 192.1 147 967.9 1255 176.7 238 
Hi seed 52.3 29 555.5 615 431.3 809 366.2 263 168.9 105 
Propanol no seed 2.1 2 5.7 5 7.5 • 8.9 5 9.4 9 
Lo seed 2.0 3 7.9 4 5.6 6 10.0 11 4.3 a 
Hi seed 4.8 3 6.1 6 8.0 a 4.0 6 3.8 4 
2-Methyl propanol no seed 0.2 0 0.2 0 0.2 0 0.2 0 0.2 0 
Lo seed 0.2 0 0.2 0 0.2 0 0.2 0 0.2 0 
Hi seed 0.2 0 0.2 0 0.2 0 0.2 0 0.2 0 
Butanol no seed 0.6 0 0.5 1 1.9 2 0.3 0 1.9 3 
Lo seed 0.5 1 1.9 3 0.6 1 1.8 4 0.2 0 
Hi seed 0.7 1 1.9 2 3.3 5 0.4 0 0.2 0 
3-Methyl butanol no seed 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 
Lo seed 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 
Hi seed 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 
Pentanol no seed 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 
Lo seed 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 
Hi seed 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 
Acetic acid no seed 355.7 306 939.1 587 1992.4 2147 4238.9 2290 3061.1 3966 
Lo seed 658.0 460 2903.7 912 4971.7 2963 7824.1 6926 5051.4 5168 
Hi seed 2682.7 1602 3999.5 2926 5555.1 2767 6933.2 5291 8749.4 5995 
Propanoic acid no seed 10.0 5 24.7 14 36.9 16 64.5 44 40.1 37 
Lo seed 10.8 7 34.2 12 38.7 15 53.6 36 33.8 33 
Hi seed 23.3 15 26.6 14 47.8 26 49.6 31 62.0 54 
2-Methyl propanoic acid no seed 0.1 0 0.1 0 0.1 0 0.3 1 0.2 0 
Lo seed 0.1 0 0.1 0 0.6 1 0.3 0 0.1 0 
Hi seed 0.1 0 0.3 0 0.1 0 0.1 0 0.3 0 
Butanoic acid no seed 34.9 3a 90.9 61 154.9 135 252.6 160 158.2 122 
Lo seed 31.1 23 11 2.8 40 159.1 114 227.1 236 165.0 172 
Hi seed 75.2 44 84.9 47 133.3 112 210.8 132 246.1 1aO 
3-Methyl butanoic acid no seed 1.8 3 4.8 11 6.2 7 9.2 7 13.8 18 
Lo seed 2.1 4 16.9 17 7.0 11 2.7 5 1.8 2 
Hi seed 5.8 9 10.3 14 7.4 14 13.9 29 2.9 3 
Pentanoic acid no seed 0.8 0 2.3 1 4.2 2 6.8 6 3.9 4 
Lo seed 1.0 1 3.0 1 4.1 2 4.7 3 3.1 2 
Hi seed 1.9 1 2.7 2 4.3 3 5.0 3 7.0 6 
4-Methyl pentanoic acid no seed 0.1 0 0.4 1 1.8 3 0.6 1 0.1 0 
Lo seed 0.1 0 0.1 0 1.5 2 0.3 0 0.5 1 
Hi seed 0.1 0 0.8 1 0.8 2 0.1 0 3.3 7 
Hexanoic acid no seed 5.5 5 13.5 9 23.9 15 33.3 22 22.0 20 
Lo seed 5.3 3 18.3 6 26.0 14 28.9 25 18.3 16 
Hi seed 11.4 6 14.5 7 24.0 1a 27.5 1a 30.4 21 
Heptanoic acid no seed 0.4 0 1.1 1 2.9 3 3.9 5 1.1 1 
Lo seed 0.7 0 1.3 1 3.8 3 2.1 1 2.2 1 
Hi seed 1.0 1 1.8 1 2.4 3 2.6 2 5.6 7 
Pyruvic acid no seed 6.0 7 13.8 6 38.9 32 61.7 30 31.0 36 
Lo seed 19.8 11 43.8 34 66.5 3C 234.4 344 60.1 47 
Hi seed 60.6 67 95.2 a1 154.4 114 113.1 87 129.3 83 
Lactic acid no seed 15797.1 10546 55757.6 36758 95779.7 56377 144112.9 106652 54092.8 43938 
Lo seed 28707.9 26182 77407.5 61111 96650.4 32002 101276.6 80717 66539.1 60253 
Hi seed 55626.4 47877 67664.9 52159 145911.2 133578 125579.6 105536 122589.4 110776 
Oxalacetic acid no seed 33.5 31 81.8 43 149.8 71 290.2 274 104.9 75 
Lo seed 44.6 27 131.2 68 196.0 60 323.0 307 144.8 117 
Hi seed 109.0 a1 160.3 120 373.0 210 212.9 140 317.3 289 
Oxalic acid no seed 0.2 0 0.2 0 0.2 0 0.2 0 0.2 0 
Lo seed 0.2 0 0.2 0 0.2 0 0.2 0 0.2 0 
Hi seed 0.2 0 0.2 0 0.2 0 0.2 0 0.2 0 
Methyl malonic acid no seed 3.5 1 17.6 14 30.9 20 39.8 41 20.4 1a 
Lo seed 5.7 5 20.6 23 23.8 12 25.4 24 19.2 14 
Hi seed 10.5 a 14 .8 12 41 .7 37 27.8 25 39.8 36 
Malonic acid no seed 0.2 0 0.6 1 0.2 0 0.2 0 0.2 0 
Lo seed 0.2 0 0.2 0 0.2 0 0.2 0 0.2 0 
Hi seed 0.2 0 0.2 0 0.2 0 0.2 0 0.2 0 
Fumaric acid no seed 111.7 122 118.8 126 98.9 97 131.8 85 122.7 131 
Lo seed 52.1 23 65.2 68 67.8 35 72.1 80 41.2 62 
Hi seed 36.9 26 57.0 46 63.1 46 41.3 29 24.1 27 
Succinic acid no seed 687.0 529 3713.6 2498 6679.4 4035 11 492.5 9376 5077.9 3823 
Lo seed 1462.7 1446 4413.8 2984 6716.0 2173 7204.7 5504 4771.6 4745 





































































































































Et\anol Propanol 2-Mrlthyf propanol Bubnol 3-Molhyl butlnol Pento.nol Acetic acid Propanoic acid 











' • .. 
47 .. .. 
SMnotl; •no....a.• 


























3.4 ·no value' 0.0 'nov,.,_. 0 .0 'noYIIIue' 0.0 'novalue-' 0.0 'no value' 
1.3 2 0.0 0 0.7 0.0 0 0.0 0 
753.7 'no vWe' 
876.8 
0.8 0.0 0 .5 0.0 0.0 0 798.1 
1.2 0.0 0.3 0.0 0.0 105.7 
Q2 M OD 0~ QO 31U 
M M M M M ~~ 
0.7 0.0 0.0 0.0 0.0 .(24.5 
0.4 0.0 0.5 0.0 0.0 224.3 
1.0 0.0 0.3 0 .0 0.0 595.7 
1.2 0.0 0.-4 0 .0 0.0 267.3 
1.2 0.0 0.0 0.0 0.0 152.\l 
0.7 0.0 1.1 0.0 0.0 201.1 
Q7 ~ M M QO ~1A 
1.0 0.0 0.0 0.0 0.0 17&.0 
1.2 0.0 0.0 0.0 0.0 515.2 
1.4 0.0 0.0 0.0 0.0 &88. 1 
0.9 0.0 0.3 0 .0 0.0 23U 
1.9 0.0 0.7 0.0 0.0 1V3.3 
0.5 0.0 0.0 0 .0 0.0 oi-32.7 
1.0 13 0.0 0.0 0.0 0 .0 21fll.7 
M 0 M M M M ~~ 
1.3 0.0 0.9 0.0 0.0 2-4--4.7 
1.0 0.0 0.3 0.0 0 .0 Ma.V 





101 ... ,.,. .,., ,. .. 
" 2704 
111 3 
17325 2310.0 0.9 0.0 0 .8 0.0 0.0 378.V 2827 






































3.9 oi1V.3 oi193 1.2 12 0.0 0.0 0.0 0.0 1-48.2 ~ 
50 'ZT.O -406 1.0 15 0.0 0.0 0.0 0.0 535.8 3.-i SO 












" 53 .. .. 
" .... .. 
., 
" 20 






















ese.t 1S<K~ o . .- 1 o.o o t.5 • o.o o o.o o 708.5 1nt 8.9 22 
38.7 183 1.2 0.0 0.0 0.0 0.0 &39.0 31VS oiA 22 





























































































































































































































































































































































































































































~7.3 41 05 
272.9 882 
827.8 
























































































































































































































2-MIIthyt propanoic aci Butanoic acid 3-M.tJ¥ butanoic acid Pentanoic acid _.-Meltlyl pentanoic aci Hexanoic acid Heptlnoic acid 

















0.0 5-4.1 0.0 2.3 0.0 11.5 1.7 
0.0 11.8 15 0.3 0.5 0.2 2.9 0.1 
0.0 13.1 8 0.0 0.8 0.0 3.8 0.5 
31 0.0 7.1 18 2.8 0.4 0.0 1.4 0.1 
32 0.0 9.8 123 0.1 0.3 0.0 1.4 18 0.2 
33 0.0 8.2 41 0 .2 0.4 0.0 1.4 7 0 .2 
43 0.0 15.3 15 0.0 0.5 0.0 2.8 0.4 
44 0.0 21.2 32 0 .0 0.4 0.0 3.1 0.3 
45 0.0 16.7 104 3 .7 23 0.3 0.0 2.4 15 0.1 
58 0.0 10.5 26 3.5 0.4 0.0 1.9 5 0.1 
59 0.0 10.1 2.9 11 0.3 0.0 1.7 0.1 
60 0.0 15.6 16 0.3 0 0.6 0.0 3.2 0.4 
70 0.0 30.2 15 0.4 0.9 0.0 5.3 Ul 
71 0.0 20.2 101 0.2 0.3 0.0 2.7 0.1 
72 0.0 19.2 96 0 .0 0.3 0.0 2.9 0.1 
~ M 13.9 ~ 02 0.5 M 2.2 ~3 
83 0.0 11.0 69 0.0 0.3 0.0 1.7 10 0.2 
84 0.0 17.5 9 0.0 1.2 0.0 5.2 3 0 .5 
M U a U M U U U 
0.0 11 .0 3.3 42 0.4 0.0 2.1 26 0 .1 
5 0.0 16.4 123 0.2 1 0.6 0.3 3.1 23 0.5 
45 0.0 42 .0 105 0.3 0.4 0.0 3.2 8 0.1 
47 0.0 16.2 122 3.5 0.2 0.0 2.2 11 0.1 
45 0.0 18.0 135 3.2 24 0.3 0.0 2.6 20 0.1 
4t 0.0 9.0 90 2.8 2fl 0.3 0.0 2.1 0.1 
50 0.0 0 7.8 117 2 .0 31 0.3 • 0.0 0 1.6 2• 0.2 2 
51 not~ IVALUE! rtOtonough IVALUE! nollli"!OU$tl fVALUEI notonough IVALUE! notenoogh fVALUEI notenougil IV.4.LUE! not~ IVALUEI 
57 0.5 1 33.6 8-4 0 .3 1 0.9 2 0.4 1 5.3 13 0.4 1 
511 0.0 28.9 145 3.3 17 0.5 2 0.0 0 3.7 19 0.1 0 
et o.o 22.2 11 o.o o 1.0 o.o 4.7 2 o.5 
73 0.0 13.0 98 0.3 0.5 0.0 2.1 16 0.3 
7<11 0.0 18.0 180 0.0 0.3 0.0 2.0 0.1 
75 0.0 16.6 125 0 .0 0.3 0.0 1.9 1. 0. 1 
88 0.0 5.0 50 0.0 0.2 0.0 1.1 11 0.2 
1111 0.0 5.7 36 0.0 0.3 0.0 1.1 0.1 
0.4 11.1 0.4 1.0 0.7 3.1 2 .11 
10 0.2 11 .5 0 .4 0.4 0.4 2.4 0.4 
11 0.0 15.7 20 0.0 1.0 0.0 3.9 0.3 
12 0.0 18.5 0.6 1.2 0.0 5.2 0.6 
13 0.0 14.9 U9 0.1 0.3 0.0 2.0 20 0 .1 
14 0.0 31.4 314 0.4 0.6 0.3 3.9 39 0.9 
15 0.0 24 .0 2.0 0.4 0.6 0.4 3.1 31 0.8 
25 0.0 12.1 181 0.2 0.5 0.5 2.4 0.3 
U M 13.4 ~ ~ ~ ~2 ~3 ~ ~ 
27 0.2 12.4 156 0 .3 0.5 0.3 3.0 0.5 
52 0.0 8.3 62 0.3 0.4 0.0 2.4 0.1 
53 0.0 10.9 2.9 2SI 0.4 0.0 1.9 111 0.2 
54 0.0 10.1 2.1 11 0.4 0.0 2.5 0.1 
64 0.0 22.2 278 0.2 0.4 0.0 3.1 0.2 
55 0.0 24.6 369 1.3 HI 0.3 0.0 2.9 •3 0 .1 
66 0.0 19.9 1411 0 .0 0 0.6 0.0 3.1 0.11 
85 0.0 5.4 68 0 .0 0.3 0.0 1.3 16 0.2 
IM 0.0 4.8 96 1.11 0.3 0.0 1.1 23 0.1 
117 0.0 5.4 40 0.0 0.2 0.0 1.3 10 0.2 
1i 0.0 16.1 242 0.1 0.4 0.0 1.9 0.1 
20 0.0 20.4 510 0.11 111 0.7 0.0 2.4 61 0.5 13 
21 0.0 19.9 U9 0.2 2 0.6 0.0 2.4 18 0.3 
211 0.0 13.8 3« 0 .2 0.4 11 0.0 2.4 59 0.3 
29 0.0 14.9 299 0.2 0.4 8 0.0 2.4 0.3 
30 0.0 12.9 6-4 0.0 1.2 0.0 4.9 0.8 
34 0.1 9.6 120 0 .9 0.3 0.3 1.5 0.2 
35 0.0 15.2 0 .3 0.5 0.0 1.8 35 0 .2 
35 0.2 12.2 91 0.2 0.4 0.0 1.6 12 0.4 
37 0.0 42.0 105 0.3 0.7 0.0 4.7 12 0.1 
311 0.0 42.6 213 0.3 0.4 0.3 4.0 0.1 
311 0.0 32.3 81 0.3 0.5 0.0 4.0 0.1 
M ~ - V U M ~ • ~ 
62 0.0 27.4 68-4 0.5 12 0.4 0.0 3.1 77 0.1 
63 0.0 28.3 283 1.4 14 0.4 0.0 3. 1 31 0.1 
76 0.0 9.1 0.0 0 0.3 0.0 1.4 11 0.1 
n o.o 17.7 111 0 .4 oA o.o 2.0 20 0.1 
711 0.0 19.8 37 0.5 0.7 1 0.0 3.0 0.6 
1 0.0 11 .6 2110 1.5 0.4 10 0.0 2.3 0.1 
0.0 17.6 309 0.5 10 0.8 1.0 3.0 52 1.1 HI 
0.0 16.8 0.5 0.8 0.5 3.3 1. t 3 
16 0.0 25.9 130 0.4 0.5 0.3 3.0 15 0.6 
17 0.0 30.7 230 0.3 0.5 0.0 3.5 26 0.1 
18 0.2 27.0 0.3 0.6 0.3 3.1 0.4 
22 0.0 20.5 281 2.11 311 0.4 0.0 2.0 27 0.1 
23 0.0 23.2 581 0.1 0.6 0.0 2.5 62 0.4 10 
24 0.0 23.9 179 0.2 0.6 0.0 2.5 19 0.4 
40 0.0 38.1 48 0.4 0.5 0 .0 4.7 6 0.2 
41 0.4 53.9 67 3.5 0.8 0.0 5.8 0.5 
42 0.0 50.2 11• 0.3 0.7 0.0 5.2 0.5 
55 0.0 17.1 129 0.3 0.5 0.0 2.3 17 0.1 
58 0.0 24.5 92 0.3 0.5 0.0 3.0 0.3 
57 0.0 16.2 30 1.1 0.4 0.0 2.7 0.1 
0.0 21.5 0.0 0.4 0.0 2.4 18 0.1 
110 0.0 28.5 .99 0.3 0.4 0.0 2.9 50 0.2 




































































































Pyruvic acid Lactic acid Oxalllcetic acid Oxalic acid Methyl malonic acid Mlllonic acid Fumaric acid SUccinic acid 








































51 .,. .. .. 
73 
74 









53 .. .. 



























































































































































































































































































































































































































1 .. .. ,. 
158 
"' 









































































































































































































































































































































































































































































































































































(4.1. contd.) \ 
D. Sensory data 
Mean Values 
Mean sensory scores 
weeks stored: 6 SD 8 SD 10 SD 12 SD 
odour Nil 7.51 3.6 8.84 2.4 8.49 2.9 7.63 3.2 
Lo 8.63 3.8 8.52 2.6 8.49 2.5 8.31 3.4 
Hi 8.56 3.0 8.55 2.6 9.03 2.4 6.61 2.8 
acid Nil 3.19 2.6 3.43 3.0 4.67 2.5 5.39 3.4 
Lo 2.93 2.7 3.61 2.9 4.14 3.2 5.08 3.7 
Hi 3.24 3.1 3.43 2.8 3.57 2.4 4.44 3.4 
rancid Nil 3.35 3.0 2.59 2.4 3.05 2.9 4.56 3.7 
Lo 2.31 2.0 2.72 2.5 3.14 2.5 4.23 3.7 
Hi 2.88 3.1 2.56 2.4 2.49 2.1 3.62 3.3 
overall Nil 8.38 3.2 9.51 2.3 8.26 3.3 7.91 3.2 
Lo 9.06 3.2 8.56 2.5 9.04 3.0 8.18 3.5 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































consumer session animal id 
25 5 11 right 
25 5 11 right 
25 11 right 
26 5 11 right 
26 5 11 right 
26 5 11 right 
27 5 11 right 
27 11 right 
27 11 right 
28 5 11 right 
28 5 11 right 
28 5 11 right 
29 5 11 right 
29 5 11 right 
29 11 right 
30 11 right 
30 5 11 right 
30 5 11 right 
31 6 15 left 
31 6 15 left 
31 6 15 left 
32 6 15 left 
32 6 15 left 























































































































Pack treat smell 
64 2 5.7 
65 1 6.2 
66 3 8.5 
64 9.8 
65 7.1 
66 3 12.8 
64 2 10.8 
65 1 7 




64 2 10.3 
65 6.8 
66 3 8.3 
64 2 7 
65 1 7 
66 7 
85 1 10.5 
86 3 7.7 
87 2 4 
85 1 9.5 









































































































































































































































































































































































































































consumer session animal id 


























































































































































































































































































































































































































































































































































































































E. Sensory score card 
Consumer test None Extremely strong 
Oven roasted Jamb . Rancidity by marking on the line scale where it best describes your 
impression. 
Name: 22 January 2009 
~1ave a drink of water before
 you start. You may drink water at any time 
uring the test if you need to. 
Sample 513 
f'Jone Extremely strong 
Please smell and taste the samples in the order presented on your tray 
rom left to right. ~ample275 
None Extremely strong 
1. Please don't taste yet! Smell the samples first and rate each 
sample for odour/aroma by marking on the line scale where it best describes 
our impression. Sample711 
Sample513 
None Extremely strong 
Dislike extremely Neither like nor dislike Like extremely 
Sample 275 
Dislike extremely Neither like nor dislike Like extremely 




pislike extremely Neither like nor dislike Like extremely 
Dislike extremely Neither like nor dislike Like extremely 
jwhat did you like or dislike about a particular smell? e.g. "435 smelled sour, 
!or "345 had a roast meat smell". 
~ample275 
pislike extremely Neither like nor dislike Like extremely 
~. Now taste the samples and rate them for: 
. Acidity/sourness by marking on the line scale where it best describes 
your impression. 
~ample711 
Dislike extremely Neither like nor dislike Like extremely 
Sample 513 
None Extremely strong 
Sample 275 
None Extremely strong 
Sample711 cf'k<lle /w.nJ. in. th.J.!, ~<*e ~h.eet. cfluzni< JJOU./ 
225 
4.2 Evaluation of L. sakei 27,44 and 63 for cross-inhibition using the 
agar-stab overlay assay. 
- refer to Appendix 2 for assay method 
Growth medium Producer strain 
Todd-Hewitt Agar L.sakei 27 
L. sakei 44 




L. sakei 44 
L. sakei 63 
L.sakei 27 
L. sakei 44 
L. sakei 63 
Target (overlay) strain 
L. sakei L. sakei L. sakei 
27 44 63 
_a ±" 
aDetected as zones of inhibition with diameters of: 
-,no inhibition;±, <lmm; +, 1-lOmm; ++, >10mm 
226 
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Abstract 
The use of lactic acid bacteria (LAB) as protective cultures ilt vacuum-packed chill-stored meat has potential application for assuring 
and improving food quality, safety and market access. In a study to identify candidate strains suitable for evaluation in a meat model, 
agar·based methods were employed to screen 181 chilled meat and meat process·related LAB for strains inhibitory to pathogens and 
spoilage organisms of importance to the meat industry. Six meat-derived strains, including Lactobacillus sakei and Lactococcus lactis. 
were found to be inhibitory to one or more of the target strains Listeria monocytogenes. Brochothrix thermosplwcta. Campylobacter jejuni 
and Clostridiwn estertheticwn. The inhibitory agents appeared to be either cell-associated or molecules released extracellularly with 
bacteriocin-like properties. Variations detected in the antimicrobial activity of LAB associated \vith changes to test parameters such as 
substrate composition underlined the importance of further in situ evaluation of the inhibitory strains in stored meat trials. 
© 2007 Elsevier Ltd. All rights reserved. 
Keywords: Lactic acid bacteria; Bio-presen•ation; ~feat; Hypothiocyanate; Lactobacillus sakei; Lactococcus lactis 
L Introduction 
Bacterial contamination of meat products is an unavoid-
able consequence of meat processing (Labadie, 1999). 
Contaminants originate from a variety of processing and 
animal sources (Boerema et al., 2003; Gill and Landers, 
2004; Gill and McGinnis, 2000). Hurdle technologies are 
commonly used to restrict the subsequent growth of such 
contaminants. For example, vacuum packaging in combi-
nation with chilling produces an environment where only 
those organisms able to grow at low temperatures in the 
absence of oxygen can proliferate. Such psychrotrophic 
organisms include species capable of causing disease and/or 
early meat spoilage, e.g., Listeria monocylof)enes, Broclzo-
thrix thermosphacta and Clostridium estcrtheticum (Broda 
*Corresponding author at: Food, Metabolism and ?,..ficrobiology, 
Agresearch, Private Bag 3123, Hamilton, New Zealand. 
Tel.: + 64 7 838 5370; fax: + 64i 838 5625. 
E-mail address: rhys.jones@agresearch.co.nz (R.J. Jones). 
0740-0020/$- sec front matter q;, 2007 Elscvicr Ltd. All rights reserved. 
doi:IO.I016/j.tin.2007.1 LOO! 
et al., 2003; Gardner, 1981; Gill and Rcichcl, 1989; Sim 
et al., 2002). 
Relatively innocuous species of psychrotrophic lactic 
acid bacteria (LAB) are also able to flourish during chilled 
storage, and some are able to contribute to environmental 
changes that discourage unwanted species without causing 
spoilage or safety issues themselves (Bailey et al., 1992; 
Nattress and Jeremiah, 2000). A proportion of such LAB 
arc of interest for meat bio-preservation, because they can 
restrict the growth of unwanted organisms through 
competition and/or generation of antagonistic molecules 
such as organic acids, bacteriocins and hypothiocyanate 
(Chaillou et al., 2005; Chen and Hoover, 2003; Ilolzapfel 
et al., 1995; Joncs, 2004). LAB have been used for 
preserving fermented and cooked meat products for many 
years, and a variety of strains have been reported to be 
antagonistic to pathogens and spoilage organisms asso-
ciated with those products (Aymerich et al., 1998; De Vuyst 
and Vandamme, 1994; Kostrzynska and Bachand, 2006; 
Leroy et al., 2006). In contrast, there has been relatively 
229 
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little investigation of bio-preservation of fresh red meat 
using LAB (Laursen et al., 2005) although the technique 
might be used to improve the safety and quality of meat 
while otTering an alternative approach to methods, such as 
chemical washes, which are viewed by some consumers as 
unwholesome. 
For development of bio-preservation strategies for fresh 
meats, suitable LAB strains must be identified. These may 
be found amongst the LAB flora that flourish on stored, 
fresh red meats and in processing environments. However, 
identifying potentially useful LAB strains from a large 
collection of isolates is difficult if stored meat is used 
as a substrate, because of the cost of and difficulty of 
handling large numbers of chilled meat packs stored for 
extended periods at low temperatures. An alternative 
approach would be to screen isolates, using laboratory 
media-based methods, for strains with the desired anti-
microbial properties. Because LAB behaviour under 
laboratory conditions and in stored meat is not necessarily 
sin1ilar (Hugas, 1998) candidate strains would then need to 
be tested in real product under commercial storage 
conditions. For the first step, we screened a collection of 
chilled meat, rumen and processing plant-associated LAB 
for antinlicrobial activities against a range of meat spoilage 
and pathogenic bacteria using laboratory media-based 
assays. 
2. Materials and methods 
2.1. Collection mtd storage of presumptive LAB 
A total of 181 presumptive LAB isolates were collected 
from New Zealand meat, nuuen and processing plant 
sources. Of these, 75 isolates were collected from chilled 
meat products including fresh lamb and beef, processed 
beef and pork, and ham. Swabs taken from meat surfaces 
were each shaken within !Oml Maximum Recovery 
Diluent (Becton Dickinson, Sparks, MD) and 100111 
aliquots of each suspension were spread onto duplicate 
plates ofDeMan, Rogosa and Sharpe (MRS) agar (Becton 
Dickinson). The plates were incubated anaerobically for 
96 h at 24 oc. Colonies of catalase negative, Gram-positive 
rods or cocci were presumed to be LAB. Such colonies 
were sub-cultured onto fresh MRS agar and isolates stored 
at -80 oc in 40% glycerol. Strains subsequently shown to 
express antinlicrobial activity were identified to the species 
level using partial 16S rDNA homology (Broda et al., 
1999). Same species 16S rDNA sequences were differen-
tiated using a ClustalW multiple sequence alignment 
program (Chenna et al., 2003). The ability of antinlicrobial 
strains to grow at chill temperatures was confirmed by 
inoculating each into MRS broth (Becton Dickinson) and 
examining the cultures for growth during incubation at 
-1.5 °C for 12 weeks. 
The 106 non-meat LAB isolates comprised 52 isolates 
from cattle rumen contents, 30 from cattle faeces, I 0 from 
maize silage and 14 from grass silage. Samples were diluted 
1/10 (lOg into 90ml) with MRS broth and homogenized 
for lmin using a Waring Blender. A decimal dilution series 
of each homogenate in MRS broth to 10-6 was prepared. 
A 100111 portion of each dilution was spread on plates of 
MRS agar, which were incubated anaerobically for 72h at 
30 oc. To enhance recovery of Lactobacillus species, 0.5 ml 
from each initial homogenate was transferred to 4.5ml of 
L'lctobacillus Anaerobic MRS with Vancomycin and 
Bromocresol green (LAMVAB) broth (Hartemink et al., 
1997). After 72 h incubation at 30°C, brotl1s showing 
yellow colouration were sub-cultured onto MRS 
plates containing 50mg 1-1 bromocresol green. After 
incubation at 30 oc for 48 h the plates were re-examined 
for yellow colouration in the agar surrounding green or 
white colonies. Presumptive LAB colonies, including 
presumptive Lactobacillus species, were sub-cultured onto 
fresh MRS agar and isolates stored at -80 oc in 40% 
glycerol. 
2.2. Target strains 
A total of 21 target strains was used to detect 
antinlicrobial activity produced by the meat-isolated LAB 
strains (Table 1). Target strains were chosen to represent a 
range of spoilage and pathogenic organisms of concern to 
the meat industry. LAB isolated from non-meat sources 
were screened against Escherichia coli 0157:H7 only. All 
target strains were stored at -80 oc in 40% glycerol. With 
the exception of C. estertheticum and Campylobacterjejuni, 
target strains were cultt1red anaerobically on plates of 
Luria Agar (LA}, pH 7.0, formulated from 0.5 gl-1 NaCI, 
lOgl- 1 tryptone peptone (Becton Dickinson), 5gl- 1 yeast 
extract (Becton Dickinson) and 12 g 1-1 agar (Becton 
Dickinson). The plates were incubated for 48 h at 24 °C. 
C. estertheticum was cultured anaerobically for 2 3 weeks 
at 10 oc on plates of Columbia Agar (Becton Dickinson) 
supplemented with 5% sheep blood (Venous Supplies, 
Auckland, New Zealand). C. jejuni was grown on plates of 
Mueller Hinton Agar (MHA; Becton Dickinson) incu-
bated micro-aerophilically for 48 h at 37 oc. A strain of 
hypothiocyanate-sensitive E. coli Kl2 (De Spiegeleer et al., 
2005) was used for detecting hypothiocyanate generation 
by l..<Jctobacillus sakei. 
23. Screening for antimicrobial activity 
Presumptive LAB were screened for inhibition of target 
strains using an agar-stab test. LAB were cultured on 
plates of LA incnbated anaerobically for 18 24 h at 24 oc. 
Colonies picked using sterile tooth picks were inoculated 
into fresh LA plates by stabbing vertically downwards 
through the agar. The plates were incubated for 18 h at 
24 'C to allow LAB growth along the length of the stab-
line. After incubation, cells on the surface were killed by 
exposing inverted plates for 20 min to filter paper disks 
saturated with chlorofonn. After allowing residual chloro-
form to dissipate, each plate was overlaid with 7 ml 
230 
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Table 1 
Target strains used to detect antimicrobial activities of lactic acid bacteria 
isolated from chilled meat 
Pathogens 
LE. coli 
2. E. coli 0111:Hl2 
3. E. coli 0113:H21 
4. E. coli 0157:H7 
5. E. coli 0157:H7 
6. E. coli 0157:H7 
7. E. coli 026 
8. L monocytogenes 
9. 4 monocytogenes 
10. L. monocytogenes 
1L S. Hadar 
12. S. Afenston 
13. S. Typhimurium 
14. 1: enterocolitica 
J 5. Y. enterocolitica 
16. C. jejuni 
17. C j<juni 
Spoilers 
18. B. tlh!rmosphact a 
19. C. estertlteticum 
20. S. liquefaciens 
21. E. ae.rogenes 
Description 
Clinical isolate, ATCC25922 
Clinical isolate, EPEC, NCTCSOOS 
Verotoxin producer (Vt +) NZR!\-13616 
NCTC12900, Vt-
Calfisolate, shigatoxin producer (slx2), 
EQRA423 
(.~If isolate, shigatoxiu producer (slxl, 
stx2), EQR_>\427 
Vt +, NZRM3537 
1\feat isolate, L 70 
Clinical isolate, ATCC35152 





Clinical isolate, NZRM1001 
Meat isolate, AJH-YI 
Clinical isolate, NZRM4198 
Clinical isolate, NZfu\14122 
Meat isolate, A TCC11509 
Meat isolate, DSMS809/NCIMB12511 
ATCC27592 
NCTC10006 
astraiu (1-4, 7, 9, 11-14, 16--21): catalogued strains available 
commercially; (5, 6, 8, 15): New Zealand strains isolated during stock 
and food surveys by this laboratory; (10): clinical strain (serotype 1/2) 
asso.::iated with NZ gastroenteritis outbreak-(Sim et at, 2002), 
of molten (50 oq 0.7% soft agar containing 0.1 ml of a 
late-log culture of a respective target strain. MHB broth 
containing 0.7% agar was used to prepare overlays for 
C. jejuni and C. estertheticwn C. esterthetio11m overlays 
were poured in an anaerobic chamber. Overlays were 
allowed to set, then plates were incubated until confluent 
growth was observed. Plates were then examined for zones 
of inhibition around the inoculation sites. Two additional 
mc.'lt-derived LAB were included as controls: Lactobacillus 
sakei Lb706 a sakacin-A producer inhibitory to 
L monocytogenes tSchillinger and Uicke, 1989) and 
L sakei 23K a plasmid-cured strain unable to produce 
functional bacteriocins (Chaillou et al., 2005). The presence 
or absence of the sakacin-A stmctural gene sapA was 
confirmed in control strains by PCR using the primers and 
conditions described by Rcmigcr et al. (1996). 
2.4. Nature of antagonistic molecules 
Culture suspensions and cell-free extracts were prepared 
according to Anunor et al. (2006). Representative LAB for 
each inhibitory species identified by the agar-stab test were 
inoculated into 20ml of LB and incubated anaerobically 
for 18 hat 24 'C. A 1 ml portion from each culture was then 
removed and stored at 4 oc (portion 1). The remammg 
19 m! of culture was centrifuged at 4000g for 20 m in at 4 oc, 
and the supernatant was filtered through a 0.22 fUll filter to 
remove residual cells. A I m! portion of the filtrate was then 
retained as untreated filtrate (_portion 2). To determine heat 
sensitivity, two I ml portions of the filtrate (portion 3 
and 4) were incubated at 80 "C for I 0 min (portion 3) or 2 h 
(portion 4). Protease sensitivity was determined by 
incubating two further !m! portions of the filtrate with a 
final concentration of 1500Uml-1 Trypsin (portion 5) or 
30 U ml- 1 Proteinase-K (portion 6) for 3 h at 37 "C. All 
samples were then tested for antimicrobial activity using 
the well-diffusion assay of Tagg and McGiven (1971). 
Plates of LA, or MHA for C. jejuni and C estertheticum, 
were prepared and overlaid with !Omlmolten (50"C) 0.7% 
agar containing 0.1 ml of a late-log culture of a target strain 
grown in LB, or MHB for C jeJimi and C estertheticum. 
Overlays were allowed to set. then 5mm-diameter wells 
were punched into the surface using a sterile borer. The 
bottom of each well was sealed with a small amount of 
molten agar. A 30 fil portion of a sample prepared 
from filtrate was added to each well and plates were 
incubated anaerobically, or micro-aerophilically for Cam-
pylobacter, until target growth was observed in the 
overlays. Plates were then examined for the inhibition of 
growth around the wells. 
2.5. Inhibitory action of hypothiocyanare 
The effect of 50 fiM hypothiocyanate on E coli DH5ct 
was first determined. Reaction mixtures each comprised a 
final volume of I m! of 0.1 M sodium phosphate buffer, pH 
6.0, containing I x 104 cfu E coli DH5ct cells, 5.0mM 
KSCN (-SCN; Sigma), 20fiM lactoperoxidase (LPO; 
Sigma), and 0.2mM H20 2 (Sigma) added finally in four 
equal volumes. Mixtures were incubated at 24 oc for 5 min. 
Residual hydrogen peroxide was neutralized by addition of 
20 fil of a solution containing 2mgcatalaseml-1• Reaction 
mixtures were then incubated for a further 2 h. Viable 
E coli numbers were calculated by counting colonies after 
plating diluted reaction mixture onto plates of LA and 
incubating for 24 h at 30°. The effect of hypothiocyanate 
on the growth of E coli was determined by inoculating 
0.5ml of each reaction mixture into a micro-cuvette 
containing 1.5 ml LB, incubating the cuvette at 24 'C for 
22 h, and recording changes in the optical absorbance at 
450 mn. The ability LAB to generate levels of hypothio-
cyanate inhibitory for E coli was evaluated by exposing 
L. sakei to hypothiocyanate precursor molecules. lml 
volumes of 0.1 M sodium phosphate buffer, pH 6.0, were 
prepared containing I x I 07 cfu L sakei strains 27, 63, 
Lb706 and 23K. 
Hypothiocyanate precursors were added to each suspen· 
sion as described above except that lactoperoxidase was 
omitted. After incubation, hypothiocyanate levels were 
calculated using the TNB (5-thio-2-nirobenzoic acid) 
method described by Thomas and Fishman (1986). 
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3. Results 
3.1. Identification of inhibitory strains 
Of the 75 meat-derived LAB tested, six strains (15, 27, 
44, 63, 69 and 75) showed relatively high levels of 
antimicrobial activity against one or more indicator strain 
by the agar-stab test (Table 2). The sakacin-A producing 
control strain L. sakei Lb706 inhibited all three 
L. monocytogenes target strains, while the negative control 
strain L. sakei 23K was not inhibitory. Rumen and 
environmental LAB did not inhibit E. coli 0157:H7. 
L. sakei 27 displayed properties similar to those of 
L. sakei Lb706. In contrast, L. sakei 44 did not inhibit 
L. monocytogenes strains but did have an inhibitory effect 
on C. estertheticwn and two strains of C. jejuni. These 
organisms were also inhibited by Lactococcus garvieae 69 
and L. sakei 63, with the latter strain also exhibiting 
antilisterial activity. Leuconostoc carnosum 15 inhibited 
both L monocytogenes and C. estertheticum but not 
C. jejuni. 
Table 2 
Antimicrobial acthity> of lactic acid bacteria isolated from clulled meat 
detected using agar-stab tests 
LAB strains Target strainsb 
8Lm 9Lm 10Lm 16Cj 17Cj 18Bt 19Ce 
Leu. camosum 15 ++ ++ + ± 
L sakei 27 ++ ++ ++ 
L. sakei 44 ± 
L. sakei 63 ++ ++ ++ ± 
Le. garvieae 69 ++ ± 
Le. laetis 75 ++ ++ ++ ++ ++ 
L sakei Lb706 ++ ++ ++ 
L. .wkei 23K 
a Antimicrobial activity detected as zones of inhibition 'vith diameters of 
(-),no in1ribition; (±), < 1 mm; ( + ), 1-lOmm; ( ++ ), > lOmm. 
bRefer to numerical designations in Table l for full description of target 
strains. 
Table 3 
Analysis of partial 16S rDNA sequences showed the 
three locally sourced antimicrobial strains of L. sakei 
(27, 44 and 63) to be similar (>98%) to each other. They 
were also sin1ilar (>97%) to the imported positive 
antilisterial control L. sakei Lb706. 
3.2. Nature of am agonistic activity 
Of the five strains showing antilisterial activity by agar-
stab assay, four (15, 27, 75 and Lb706) showed anti-
microbial activity against L. monocytogenes 8 (Table 3). 
Cell-free filtrates from L. sakei strains 27 and Lb706 
remained active after heat treatment but not after 
treatment with Proteinase-K or Trypsin. Lactococcus lac/is 
75 filtrates were active against B. tltermosphacta 18 but not 
L. monocyrogenes 8. B. thennosphacta 18 was not inhibited 
by the cell suspensions or filtrates of any other LAB strain. 
Both C. estertheticw11 19 and C. jejuni 16 were inhibited by 
cultures but not by cell-free fractions of Lactococcus lac/is 
75, or by those of any of the other LAB strain (Table 3). 
3.3. Hypothiocyanate inhibition of E. coli and generation by 
LAB 
Approximately 50 flM (range 47 50) hypothiocyanate 
was detected in reaction mi..xes containing E. coli cells, 
-SCN, H20 2 and LPO, compared with no hypothiocya-
nate detected in mixtures lacking LPO. After 2h incuba-
tion little change in viable E. coli cell numbers was 
observed. After 22 h incubation in LB the cell suspensions 
exposed to hypothiocyanate took longer to attain expo-
nential growth than untreated cells (Fig. 1). When LPO 
was substituted for I x 107 cfu L. sakei 27, 63, Lb706 or 
23K, hypothiocyanate generation was not detected. 
4. Discussion 
Bacteriocins tend to act against a relatively narrow 
range of target organisms. Those produced by LAB 
are predominantly active against Gram-positive bacteria 
Antinricrobial activity' of inhibitoryb lactic acid bacteria whole broth cultures (1), supernatant (2), supematant heated at SO"C for 10min (3) and 
supematant heated at 80 ~c for 2 h ( 4) 
Target strains.: LAB strains 
Leu. carnosum 1 5 L sakei 27 L. sakei 44 
L. monocytogcnes 8 + 
B. thamosphacta 18 -
C estertheticum 19 -
C. jejuni 16 
2 
NT l\'T 
- NT NT 
++ ++ ++ ++ 
l\'T NT -
NT NT 
Nf NT + 
-NTNT-
2 
L sakei 63 
2 
- NT NT 
NT NT 
Le. gart'ieae 69 
2 4 
NT NT 
- NT l\T 
- - NT NT 
+ - NT NT 
Le. /aetis 75 
2 
++ ± 
++ ++ ++ 
++ 
L. sakei Lb706 
2 




a Antimicrobial activity detected as zones of inhibition with widths of(-), no inhibition;(±), < 1 mm; ( + )~ 1-2.5mm; ( ++ ), >2.5rnm; and (NT), not 
tested. 
blnhibitory LAB strains identified by agar-spot iest (sec Table 2.) 
'Refer to numerical designations in Table 1 for full description of target strains. 
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Fig. I. Growth of E coli DH5e< in Luria broth after exposure to 
hypo thiocyanate (Y), hypothiocyanate precursors (0), or in 0.1 M sodium 
phosphate buffer ( • ). 
(Tagg et al., 1976). Strains active against Gram-negative 
species might be more common in environments such as the 
nunen where they have eo-evolved with E. coli and other 
Gram-negative competitors (Gough et al., 2006). In the 
present study, inhibitory activity against E. coli 0157:H7 
was not observed in LAB strains isolated from such 
sources. Of the 75 meat-derived LAB examined, sLx strains 
were inhibitory to one or more target strains, as was the 
L. sakei Lb706 control. Activity was detected after 
incubating agar plates under conditions generally consid-
ered suitable for the rapid detection of psychrotrophic 
LAB species from meat (Cousin et al., 2001). 
Antimicrobial activity may be mediated by cell-bound 
molecules or molecules released into the extra-cellular 
milieu. Production and release of antimicrobial molecules 
by LAB is known to be variable with factors such as 
substrate composition, cell density and population kinetics 
(Delgado et al., 2007; Hoick et al., 1992; Stoyanova and 
Levina, 2006; Tagg and Wannamaker, 1978). Such 
differences could account for the apparent failure to detect 
some di!Tusible antimicrobials in well-di!Tusion tests 
despite their presence being indicated in the agar-stab 
test<;. Such different results support the view that LAB 
behaviour in laboratory media may not necessarily be 
reproducible in the foods (Hugas, 1998; Schillinger and 
Llicke, 1989). 
Cell-free extracts from both L. sakei 706 and L. sakei 27 
inhibited the growth of L. monocytogenes 8 after heat 
treatment but not after exposure to proteolytic enzymes. 
This is consistent with the behaviour of small heat-stable 
molecules, such as the Class-II bacteriocin sakacin-A of 
L. sakei Lb706. Sequence analysis of the four inhibitory 
L. sakei strains showed each strain to be genetically 
distinct. B. thermosphacta 18 was inhibited by heat-stable 
protease-sensitive cell-free filtrates of Le. lactis 75. This 
activity may be due to nisin-like molecules which many 
strains of Le. laCll's are known to produce (Schillinger et al., 
1996). 
Le. lac/is 75 may have potential as a bio-prescrvation 
agent as it inhibited several target strains including 
L. monocytogenes, B. thermosphacta, C. estertheticum and 
Campylobacter. Two strains of L. sakei ( 44 and 63) also 
demonstrated potential for control of C. jcjuni. However, 
the scope for Le. garvieae as a bio-preservative agent is 
probably limited due to its apparent pathogenicity for 
several food animals, including cattle (Stiles and Holzapfel, 
1997; Zlotkin et al., 1998). 
LAB antagonistic to Campylobacter have been isolated 
by other workers (Barefoot and Nettles, 1993; Stern et al., 
2006; Strns et al., 200 l ), although few of those LAB 
originated from red meat. Campylobacter strains patho-
genic to hlunans have been isolated from red meat (Stern, 
1981) and are known to survive, along with L. mono-
cytogenes, on retail-ready meats imported into the USA 
from a variety of countries including New Zealand 
(Bosilevac et al., 2007; Wong et al., 2007). It has been 
suggested that US regulations should stipulate 'zero-
tolerance' of C. jejtmi and L. monocyrogenes as well as of 
E. coli 0157:H7 (Anonymous, 2000; Winkowski et al., 
1993). This highlights the increasing need for means 
reducing the survivability of mesophilic pathogens on 
meat. Pathogen control using hypothiocyanate may be 
possible (Daeschel, 1989; De Spiegeleer et al., 2005). Gram-
negative bacteria tend to be especially sensitive to damage 
from hypothiocyanate ions tDe Spiegeleer et al., 2005; 
Thomas and Aune, 1978). LPO has been shown to catalyse 
the fornmtion of hypothiocyanate at levels that inhibit 
E. coli and Salmonella (Marshal! and Reiter, 1980; Purdy 
et al., 1983) and other peroxidases have been detected in 
L. sakei, which carries genes for enzymes involved in the 
regulation and transport of hypothiocyanate precursors 
(Chaillou et al., 2005). This suggests that L. sakei might be 
capable of generating inhibitory amounts of hypothiocya-
nate. Although hypothiocyanate levels as low as 5 mM 
have been reported to inhibit E. coli (Marshall and Reiter, 
1980) our work found that at a concentration typical of 
that found on stored meat (Jones, 2004) strains of L. sakei 
recovered from meat did not generate detectable levels of 
hypothiocyanate, let alone the 50 ;tM which we found to 
retard but not inactivate E coli Kl2. Either hypothiocya-
nate was not generated by L. sakei endogenous perox-
idases, or it was not released from the cells. Nevertheless, 
work to identify an LAB with inhibitory action against 
E. coli 0157:H7 will continue. 
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IactobacilhiS sakei is a food-borne bacterium naturally found in meat and fish products. A study was petfornted 
to examine the intraspecies diversity among 73 isolates sourced from laboratory collections In severdl dilferent 
countlies. Pulsed-field gel ei<'Ctropboresls analysis demonstrated a 25% vatiation in genome size between isolates, 
ranging from 1,815 kb to 2,310 kb. The relatt'tlness between Isolates was then detennlned using a PCR-hascd 
method that detects the possession of 60 cru·omosomal genes belonging to the lle.xible gene pool. Ten dilferent strain 
clusters were identified that had noticeablcdilferenct>s in tht>ir average genome size rellt>cting the natural population 
structure. The results show that many dilferent genotypes may be isolated from similar !Jpes of meat products, 
suggesting a comple.x ecological habitat In which intraspecies dh·ersity may be required for successful adaptation. 
Finally, proteomic analysis revealed a slight dilference between the migration patterns of highly abundant GapA 
isofomts of the two prevailing L sakei subspt'Cil'S (sakei and camusus). This analysis was used to alliliate the 
genotypic clusters with the corresponding subspecies. These findings reveal for the first time the a1ent of intraspe-
clt>s genomic dlverslly in L sakei. Consequently, identification of molt'Cular subtypes may in the future prove 
valuable for a better undt>£standing of microbial ecosystents in food products. 
In foods, the need for microorganisms to adapt to differ-
ent technological and ripening processes may result in the 
evolution of strain differences. Unfortunately, intraspecies 
genetic variations among food-borne bacteria are a largely 
unexplored area, so we have little understanding of the 
interactive mechanisms taking place within complex micro-
bial communities existing in food ecosystems. This is partic-
ularly relevant in the case of Lactobacillus sakei, a meat-
borne lactic acid bacterium potentially useful as a meat 
biopreservative (6, 39). L. sakei has heen isolated from a 
range of meat and fish products, where it is the predominant 
Lactobacillus species (8). Ecologically, meat can be viewed 
as a diverse and changing environment that influences the 
gro\\1h potential of a variety of bacterial species during 
storage (27). An implication of survival in such an environ-
ment is that meat-borne bacteria may diverge genetically as 
they evolve mechanisms to acclimatize and compe.te in local 
microenvironments. Indeed, L. sakei strains are knmm to 
display a range of key phenotypic dill:'erences that have re-
• Corresponding author. Mailing addre&s: Unite Flore Lactique & 
Environnement Carne (FLEC). lnstitut National de la Recherche 
Agronomique (INRA), Domaine de Vilvert. 78350 Jouy-en-Josas, 
FnUJce. Phone: 33 134 65 21 06. Fax: 33 134 65 2105. E-rn ail: Stephane 
.Chaillou@jouy.inra.fr. 
§ Pre.'\Bnt addres...;;: Deutsches In slit ut ffrr Emahnmgsforschung, 
Abteilung Gastrointestina!e Mikrobiologie. Arthur-Sehetmert Allee 
114-115, l4558 Bergholtz-Rihbriicke, Ge;many. 
*Present address: UMR JNRAiCNRS: Interactions Plantes-Micro-
organismcs JNRA Cltemin de Borde-Rouge, Auzeville BP 52627, 
31326 Castanet-Tolosan Ccclex. France. 
t Supplemental material for this article may be found nt http:/faem 
.asm.org/. 
" Published al1ead of print on 29 December 2008. 
970 
suited in difficulties in their classification (23, 35), and 
DNA-DNA reassociation analyses have revealed very low 
levels of relatedness (as low as 72%) between otherwise 
well-characterized L sakei strains, indicating that the spe-
cies exhibits in1portant elements of genetic heterogeneity (7). 
However, it is not yet known if a strong relationship exists 
between the niche competition properties of L. sakei in meat 
products and the genetic diversity between strains. 
Currently, L. sakei is divided into two subspecies based on 
numerical analysis of randomly antplified polymorphic DNA 
patterns (5, 38) and total cell soluble protein content patterns 
(23): L. sakei subsp. sakei (type strain ATCC 15521) and L. 
sakri subsp. carnm11s (type strain CIP105422 to CCUG31331) 
(24). With the sequence of the L. sakei 23K genome now 
available (6), it is becoming possible to study L. sakei strain 
diversity at a deeper genomic level, as well as performing wider 
searches for differences between L. sakei strains isolated nat-
urally from various products. 
In this report, we have used a combination of techniques to 
examine strains. These include a PCR-based method for de-
tecting genetic markers in a pool of variable genes allowing a 
hierarchical clustering of strains, pulsed-field gel electrophore-
sis (PFGE) genome mapping, and evaluation of strain pro-
teomes to both wmpare strains and assign them to each of the 
two subspecies. We have specifically chosen isolates from a 
range of laboratory collections representing a variety of geo-
graphical locations and including various sources of meat or 
fish products, with the e>;pectatiou that such a range of uudo-
mesticated strains will better retlect the diversity found in 
natural L. sakri populations. 
Our methods provide for the first time an integrated ge-
nome-based framework for classil}'iug the repertoire of L 
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TABLE L L sakei and L cur..atus strains used in this study 
Laboratory J;Ollection 
L. sakci 
Unite Flore Lactique and Environnement 
Carne, J)..TRA_, Jouy.en~Josas, France 
Station de Recherches sur la Viande. 
INRA, Theix, France 
Laboratoire de Genie Alimentaire, 
IFREMER, 1'\aates, France 
Meat Te::-hnology Centre, IRTA, 
Monells, Spain 
Meat Research Institute, ARC, Langford, 
Bristol, United Kingdom 
Food Safery Group, AgResearch, 
Hamilton, New Zealand 
Faculty of Science, Mahidol Unhersity, 
Bangkok, Thailand. 
Instiliit filr Libbensmitreltechnologie, 
Universit!tt Hohenheim, Hohenheim, 
Germany 
Institute of Meat Hygiene and 
Technology, Unhl!'rsitat Berlin, 
Germany 
Federal Centre for Meat Research, 
Kulmbach, Germany 
Norwegian Food Research Institute, 
MA'I'FORSK, A<, Norway 
Centro de Referencia para L:lctobacilos 
(CEREIA), CONICE'I', 'l'ucuman, 
Argentina 
American T;pe Culture Collection 
(original ~olate from Japan) 
National Institute of Health, University 
of TokJo, Tokyo, Japan 
L. curvc.tus 
American TJpe Culture Collection 
(original isolate from Germany) 












195, 205, 300, .l32 
331, 495, 5().1, 532, 710, 741 
Ll!O 
SFi70, SFi71, SFS41, SF&I2, SFS43 
C'l'C014, C'I'C041, CI'C163, Cl'C287, 
ITC335, ITC127, ITG129, 
ITC49-I, ITC6469, C'I'C6626 
LV5, LV21, LV92 
LV52, LV59 
LV34 
AGR46, AGR4S,AGR51, AGR53 
1'1S'l'R890, 1'1SfR911 
L'I'H673, L'I'H675, LTH677, LTH5728 
L'I'H1764, LTH2070 
L'I'H55SS, L'I'H5589, L'I'H5590 
CIP105422T (CCL'G31331) 
Lb706 
MF104S, ~1F2091, MF2092 
MV20SS, MF20S9, MF209{) 
CRL1467 
ATCC 15521 T (DSM20017) 
YMN243, YME344, YMN540, 
YMN557, V553 
A'I'CC 25o01T (DSM20019) 
CTC424 
Sour~..--e of isolate 
Various French-style fermented dry sausages 
Fresh horse meat 
Fresh beef meat 
Var..1Jum-packed beef meat 
Source or 
refercnce(s) 
Vacuum-packed pork meat 31 
Starter for French~style fermented dry sausage 
Smoked salmon 
Various Spanish -style fermented dry &'lLt.'>agcs 
(including Cborizo) 
Vacuum·pa...~ked pork meat (bJcon) 
Vacuum-packed lamb meat 
Vacuum-packed beef meat 
Chilled la.mb meat 
Nham (Thai-style fermented pork sausage) 




Raw German~scyle sausage 
Fresh lx:ef meat 
Smoked salmon 
Rakfisk (Scandinavian fermented trout) 
Argentinean~style fermented dry sausage 
SfX>iled moto for Sak6 manufacture 
Various fresh meat products 
Milk 



















sakei molecular subtypes, TI1e implications of our results for 
the understanding of the bacterium's ecology are discussed, 
rating t11e parent strain L. sake: 332 with a pRV566 plasmid carrying resistance 
to erythrolll)'Cin, which had been derived from a pRVSOO replicon (2). One 
erythromycin-resistant clone was scleclt'd and cultivated for 200 gem:rations in 
MRS broth without antibiotic at 30"C. Several dilutions from the last culture 
were plated on MRS agar. Replica plating of200 clones wa." performed on MRS 
agar with or witlwut eq1hromycin (5 IJ.g/ml), allowing us to identify erythromy-
cin-sensitive dones. The loss of tile pR566 plasmid \Vas verified by Southern 
blotting (ECLenhanced chemiluminescence s:stem direct nucleic acid labeling; 
Amersham Biosciences) using a probe specific (or the repA gene. The corre-
sponding erj1hromycin-sensitive strain was named 332F. 
MAillRIALS M'D MEffiODS 
Bacterial strains ruKI culture cornli6ons.. The L sak.ei and Lac!obao!lus LU7-
vatus strains used in U1~ studv are described in Table 1. For mootstudies. strains 
were grown to the mid-exp~nential phase in MRS broth (Becton Di~kinson, 
Sparks, MD) (11) incubated at 30"C. For proteomic studies, bacterial straiffi 
were grown in a chemically defined medium (MCD) (28) supplemenred witlt 
0.5% glucose or MRS and incubated at 30"C. Strain 332F1 cured of its endoge-
nous plasmid pRV50<J (2), was prepared as described earlier (4) by electrop<r 
Molecular h:clmiques. Subtractive suppressive hybridization (SSH) experi-
ments were performed using a Clontech PCR-selected bacterial genome sub-
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traction kit in accorcboce with the m;:lllufacturer's re:ommend.1.tjons using L 
23K as the driver and srrain 332F as the tester. This technique resulted in 
the identification of 16 nav ,genes absent from L. s«ka 23K The FGP21-0001 
gene from strain L 21 was identified after sequencing a PCR proCuct 
(lS.'\.0565 to LSA566j giving an une7q)CCted size and revealing a fie\\' bacteriocin 
immunity.Jike protein-encoding gene. 
PCR-baS«< detection of gents. The PCR template was composed of 100 ng of 
chromosomal DNA extracted from e3ch of the 73 L. &trains and two L 
cuTvatus strains. Experiment.:;. were conducted uvk"e to contirm U1e negative 
results. In the C\~llt of \\'eak or spurious ampliflcations, PCR proCUcts were 
scquenced to check nucleotide polymorphism beuveen strains, and if ne-cessary 
primers were redesigned. In several case--s, two or three sets of primers were 
designed to \'etit)' the ah;ence/pre>ence of genes. In case;. of discrep3nt results 
between the primer sets, the corret<ponding genes were removed from the anal-
y:>is. When negal.ive result"> were obtained with the sew:ral set">, although the 
absence of an allelic gene with high n~J~:Ieotidic polymorphl$m was not con-
firmed, we considered the gene as being a good candid:He for clustering analysis. 
Extraction of chromosomal DNA from L. s::ko andL cwnuus was performed by 
the method of AnCe[${)n and McKay (3). For each PCR amplification, primers 
were designeC so that the t:.\1x:cted product lengths were less U1an 2 kb (see 
Table S2 in the supplemenl"'11 material). The PCR c_yding conCJtions were 94"C 
for 4 m in follmved by 30 cycles of 9-t"'C for 1 min. 55"'C for 1 min. and 72'C for 
3 min. All PCR products were examined using 1% agarosc gels and suincd with 
ethidium bromide. The aOOence of onerrn copy in some strains was confirmed by 
long-range PCR using primers in the flanking region of the mui.B doublet. To 
confirm the truncation of some genes or tlte products of unexpecteC. sizes, 10 1LI 
of the amplicons was treated with 0.1 U of shrimp alkaline phosphal1SC- (USB 
Corporation) and 1 U of exonude,'\Se I (Eschericlua cob) (Biolabs) in 20 mM 
Tris-IICI (pH 8.0)-10 mM MgCI2 bufier for 1 hat 37'C, followed by 10 min of 
inactivation at ~"'C. The proCucts were then sequenced by standard technology. 
PFGE experiments and 1-C.eui pattern analysis. PFGE and I"Ceul digestion 
pattern analyses v."ere carried out as df:::S<:rihed earlier (13). An average of four 
gels was prepared for each strain. The distribution of tlte strains according to 
their genome size was examined using the IHST function and the probability 
DENSITY function of the R statistical package (hup:/Aw.w.Rprojectorg). A 
Gau~<;ian probability distribtJtion and a smoothing bandwidth of 30 (average 
standard deviation of genome size estimation) were chosen for the analyses. 
Clustering of strains. The gene contents of rJ1e strJ.ins tested. were Ce...;;cribed 
using a two-<:haracter matrix (genes x isolates) with 0 for a gene not detected 
and 1 for the presence of a gene. Genes truncated by insertion (IS) elements 
\\-'Cre considered as distinct genetic identities to their wild· type counterparts. 
Similarities between the strains were determined using U1e 13cquard's correla-
tion coefficient (19). The unsupervised hieran:hic-JI clustering was performed 
tt;;ing the average linkage on the similarity matrix The functions DJ~l, 
HCLUST, and DENDROGRAM of tile R statistical pa-::kage were used to 
generate the clustering dcndrogram. The R p3ckage PVCLUST (R. Suzuki and 
H. ShimodJ.ira; http:/fv.'\\w.is.titc-.ch.x.jpt--shimo/progip\\"'lusu) was used for 
multiscale boot<> trap res:1mpling to :L'i<;e..~ the statistk"al stability of each node. 
The number of boots trap replicates was 1,000. Approximately unbia->cd P value:> 
of =:::90% and Jacquard's similarity coefficient of =:::50% were used to discriminate 
the possible strain clusters, TI1e principal component analysl$ (PCA) for group-
ing of the strains was carried out using tlle PRINC0~1P and BIPLOT functions 
of the R statistical package. 
2D gel electrophoresis and identification of proteins by peptide mass fing<:r~ 
1•rinting. Bacterial extract preparation anrl electrophorc:st:>: were performed by 
standard methoCs (21). For each strain, at le.ast two independent cultures in 
MCD broth were performed for preparation of the protein samples. Ea\.':h satnpie 
was analyzed twice by rwo...dimensiona1 (2D) gel electrophoresis, giving a mini-
mum of four analyses per str:lin. For some strains (23K, 332, 112, 64, LTH67i, 
aml JG3) from the two sul~>eeie;, up to eight mw; were conducted using cells 
grown in different media (1vfRS a ne!. MCD). Gels were analyzed by Image Master 
software (Amersham Pharmacia Biotech). Spots were excised from Coomassie-
stained gels as C.escribeC. earlier (29, 30}, and mass specrrometry analyses were 
performed as pre.,.iously described (16). 1.·15-Fit (University of California-San 
Francisco Ma~ Spcctromt:try Facility; littp:J/prospector.ucs(edu) and Mascot 
software packages (Matrix Science, Inc., Boston, MA; http://wv.w.matri~cience 
.com/search_form_sele:thtml), installed on a local sener, were used to identify 
proteins from peptide mass fingerprints. All searches were performed against the 
L. sr.kei 23K d:ltabase (http:/M .. ww.migale.jooy.inra.fr/J. 
Xuclrotide sequence rux-ession numbers. The sequences of U1e FGP21 and 
FGP332 genes (the nomenclature of which indicates their placement within the 
flexible gene pool and tlieir strain name origin) have tx:.--en d.t.posited in GenBank 
under the access. ion numbers given in Table 2. 
APPL. Er·rvr:w~. MiCROB:oL 
RESULTS 
Selection or L. sakei strains. To represent the range of eco-
systems in which L. sakei populations are found, strains were 
examined from a variety of meat and fish products (raw or 
fermented) and from other sources, including human feces and 
sauerkraut. Additionally, because sampling biases may exist in 
individual laboratory bacterial collections due to isolation pro-
cedures or the type of food materials analyzed. the L. sakei 
strains were selected from 14 different laboratory collections 
geographically scattered across Europe, Asia, Argentina, and 
New Zealand. We took care to discard from the analysis strains 
known to be identical but belonging to different laboratory 
collections (and often renamed). In total, 73 L. sakei strains 
\\ere selected and analyzed (Table 1). as well as two strains of 
Lactobaci/ius cun•atus, a close relative of L. sakei included as 
an e"iemal species reference (outgroup reference). 
Identification or the main L. sakei mok·ctdar subtypt'S by 
PCR-based detection or the flexible gene pool. Analysis of the 
flexible gene pool (genes that are often associated with hori-
zontal transfer and assumed to vary between strains) is a 
method commonly used to perform intraspecies strain cluster-
ing (9). To identity genes belonging to theL. sakei flexible gene 
pool, an in silico analysis of the L sakei 23K chromosome using 
codon bias and atypical phylogenetic protein profiles was car-
ried out and revealed a gene pool comprising 27 genomic 
islands and 57 independent genes ( onr experimental unpub-
lished data). We decided to verity hy conventional PCR the 
presence or, on the contrary, lack of detection of this pool of 
genes for clustering analysis of the L sakei isolates (see Ma-
terials and Methods). This strategy was first tested using a 
preliminary PCR experiment on a set of 20 strains to demon-
strate intraspecies variation for the selected genes (data not 
shom1 ). The results indicated that only five islands were highly 
conserved, and these were accordingly removed from the anal-
ysis. To avoid clustering disturbance due to highly laterally 
transferable mobile elements (IS sequences or phage) or ele-
ments easily mobilized in lateral transfer (restriction/modifica-
tion systems), genes encoding such elements were also re-
moved from the analysis. Additionally. we noticed that most 
genes inside each genomic island usually showed similar pat-
terns of variation (i.e., the whole island was usually present or 
not detected), so to avoid a bias from the large genomic clus-
ters (containing more genes than the smaller ones), a ma-.;i-
mnm of four genes were selected for analysis from each cluster, 
representing those that eventually demonstrated different pat-
terns of variation. Finally, we inc01porated in our analysis 20 
chromosomally encoded genes from other L. sakei strains that 
were absent from the L. sakei 23K chromosome. These genes 
were partly chosen from previously published clusters and 
partly taken from snbtractive hybridization experiments car-
ried out with strain 332F, known to be distantly related to 
strain 23 K (5). Our selection process resulted in 40 genes 
originating from L. sakei 23K (representing 20 genomic islands 
and 3 independent genes) and 20 genes from four other 
strains. The characteristics of these 60 genes are summa-
rized in Table 2. 
Based on the PCR detection prof:tle of the 60 genes. we 
attempted to classifY the L. sakei natural isolates by using an 
nnsnpervised average-linkage hierarchical clustering algorithm 
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Genomic island. gene, or strain 
Strain 23K flexible gene pool 
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TABLE 2. Description of L. sakei genes used for clustering analysis 














LSA0564_a to ·_C 
LSA0565 to -0566 
LSA0567 to -0569 _b 
LSA0572 






LSA1510 a to. c 
















Hypothetical protein (putative cell smface collagen-binding protein) 
Putative hydroxyllaromatic amino acid symporter 
Putative oxidoreductase, short~chain dehydrogenase/reductase family 
CscC-type cell-surlace protein with invasin/mucin·like domain and WxL 
domain 
MarR-type transcriptional regulator 
CscC-type cell sUiface protein with adhesin-like domain and WxL 
domain (authentic frameshifted gene) 
MarR-type transcriptional regulator 
Putative transcriptional regulator with a rhodanese-like domain, ArsR 
family 
Thioredoxin, TrxAl 
Putative cyanate transport protein 
Hypothetical e'1racellular lipase/esterase precursor 
Putative bacteriocin-like peptides (LSA0564_ab) and cognate immunity 
protein ( LSA0564 _c) 
Putative bacteriocin-like pcptidc.s 
Putative bacteriocin-like peptides (LSA0569 _ab) and cognate immunity 
proteins (LSA0567 and LSA0568) 
Threonine deaminaw (threonine ammonia lyase) 
Hypothetical prokins 
Hypothetical cell surface precursor 
Putative zinc-containing alcohol dehydrogenase (oxidoreductase) 
Putative cytochrome P450 (autltentic frameshifted gene) 
CscC-type cell-surlace protein with WxL domain 
Hypothetical protein, sigma factor related 
Putative teichoic acid/polysaccharide export protein complex 
Putative glycosyl transferase complex 
Putative priming glycosyl transferase 
Putative polysaccharJde biosynthesis protein, chain length determination 
Putative teichoic acid/polysacdtaridc glycosy1 transferase 
Putative teichoic add/polysacchadde export protein complex 
Putative tekhoic acid-binding N-acttylmuramoyl L -alalanine amidase 
(cell wall hydrolase) 




Putative solute:Na+ symporter 
Hypothetical protein (E. coli plasmidic gene) 
MarR-type transcriptional regulator 
CscC-type cell surlace protein with bacterial adhesin-like domain and 
WxL domain 









































Continued on following page 
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TABLE 2-Continued 
Genomic isl:md, gene, or strain 





Island 24 LSA1809 Hypothetical extracellular protein precursor associated with CSC-type 
cluster 
CR936503 
Island 27 LSA1874 MarR-type transcriptional regulator CR936503 




Sakadn P ARC-transporter. ATP-bincing and permease protein SspT 
Bacteriocin sakacin P precursor (sakacin 674) 
Z4S542 
Z48542 
21 FGP21-0001 Putative bacterlocm immunity protein Ell391636
 
KG15 dsrB Cell surlace dextran sucrase precursor (sucrose 6-glyoosyltransferase) AY697434 
332F FGP332-0001 
FGP332~0002 
Putative 6-phospho-jJ-gluoosidase EU402602 





Hypothetical cell surface protein Ell402604 
EU402605 
EU402605 
Putative pyridine nucleotide~dlsulfide oxidoreductase 
Putative ferritin-like DNA-binding protein (oxidative damage 












Putative tagatose-6-phosphate kinase 
Putative 6-phospho-fl-galactosidase 















Putative transcriptional regulator, LysR family 
Putative quinine oxidoreductase 
Putative asparagine synthase 
CscC-typc cell surface protein wit11 WxL domain 
Putative glycine/betaine reductase 
''For .. FGP" entries (e.g., FGP2Hl01), the format is "'FGP" (j1exible gene pool) name· CD$ number. 
and by estimatingPvaluesvia multiscale bootstrap resampling 
to assess the uncertainty of the clustering analysis (Fig. 1 ). 
From the resulting dendrogrmn, we could clearly identify at 
least 10 bootstrap-supported clusters of strains. These clusters 
have unequal sizes ranging from 14 strains to only 3 strains. 
Cluster A includes the reference strain 23K, cluster G includes 
the L. sakei subsp. camosus type strain CIP 105422, and cluster 
J includes the most distantly related strains to cluster A, in-
cluding the L. sakei subsp. sakei type strain, ATCC 15521. It 
should be noted that although the e:-..1ernal branch separating 
clusters A to G from clusters H to J was statistically supported 
(P 94% ), the estimated P values of the main branches above 
clusters H to J were lower Uwn 90%, suggesting that the 
hierarchical order of these three clusters between them is not 
supported. To confirm the overall grouping, a multivariate 
PCA was carried out (Fig. 2). This analysis confirmed the 
different grouping of clusters H to J from clusters A to G and 
also the e:..iemal position of cluster A from the remaining 
clusters B to G. 
Global pmteomlc variability between L. sakei isolates from 
the dilferent genotypic clusters and subspecies alliliation of 
the clusters. In previous studies, the prevailing L. sakei sub-
species were defined by patterns of total soluble cell protein 
patterns obtained on native polyacrylamide gel electro-
phoresis gels (26, 38). The two subspecies patterns show a 
noticeable variation of an abundant protein around 40 kDa 
(see reference 26 for gel examples between the two subspe-
cies type strains). We then used 2D electrophoresis to in-
vestigate this pattern in more detail and to compare the 
proteomes of a selection of 10 strains chosen from the 
various genotypic clusters including the two subspecies type 
strains. Although an average of ~400 spots were commonly 
observed in the pi range of 4 to 7, we noticed a marked 
variation (>20%) around the average in the number of 
spots detected between strains (data not shown)- Spots rep-
resenting major differences (absence/presence of spots be-
tween strains) were identified by using matrix-assisted laser 
desorption ionization-time of flight mass spectroscopy. 
Most of the differences were shown to be related to proteins 
potentially encoded by genes not present in L. sakei 23K 
because they could not be identified in the protein database 
from this reference genome and were usually strain-specific 
spots (data not shown but in agreement with previous ob-
servations [21]). Hence, these variations, mainly strain de-
pendent, could not be used as a criterion to differentiate the 
isolates to the subspecies level. On the other hand, a :;triking 
difference was observed in the 40-kDa region of the 2D gels 
containing spots of high intensity and corresponding to sev-
eral glycolytic enzymes. In particular, we observed that the 
four isoforms (with different pis) of the GapA protein (glyc-
eraldehyde-3P dehydrogenase) displayed a size variation be-
tween the two subspecies type strains (Fig. 3). We found 
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FIG. 1. L. sakei genomic diversity. Shown is the distribution of the 60 genetic markers among the 73 L. sakei isolates and the 2 L. cwvatus 
isolates taken as an outgroup reference. Genes are ordered by their position in the 23K chromosome. White. absent; black. pre!'ent: gray. 
IS-truncated gene or gene cluster. The dcndrogram showing estimates of genomic relationships of the strains was constructed by averagc~Iinkagc 
hicnuchical analysis. The scale represents the distance at each node. A cocflicicnt of 1 denotes complete independence, and zero indicates absolute 
identity. P values at main nodes indic,;.-.te confidence of the clustering by multiscale bootstrap resampling using the PVCLUST program 
(sec Materials and Methods). Strains were grouped on the basis of cluster branches where confidence was above 90<:t and with a maximum distance 
of 0.5 between isolates. Strain clusters (genotypes) are indicat\!d by triangles. Clusters were named by starting with cluster A containing reference 
strain L. sakei 23K and were incremcnted hierarchically to cluster J. the most distantly related to cluster A. 'lbc subspecies type strains and 
the reference strain L. sakei 23K are indicated by asterisks. 
that this difierence was not due to sampling issues or growth 
conditions, since four analyses were conducted (see Mate-
rials and Methods) and revealed no variation of this pheno-
type. We have suspected that this migration di[crencc coulc.l 
be due to variations in the amino acid sequence of the GapA 
protein. However, the ddermination of the gapA gene se-
quence in strain 332 revealed only few modifications to that 
of strain 23K, most variations lcac.ling to silent mutations, 
suggesting that the pi and molecular weight modifications 
observed in the two types of GapA isoforms result most 
likely from posttranslational modifications of the protein 
(data not shown). This difference between strains was in 
agreement with the main difference observed in total cell 
protein pattern analysis previously used to distinguish the 
subspecies level (26, 38). The GapA variation was confirmed 
fnr a second isolate in each cluster and was then used to 
affiliate the genotypic clusters to the prevailing subspecies. 
In further agreement with the PCA clustering analysis 
shown in Fig. 2, clusters A to G (57 isolates representing 
78% of the population) were all11iatcd with L sakei subsp. 
camosus and clusters II to J (IG isolates representing 22% of 
the population) were affiliated with L. sakei subsp. sakei. 
Our c.lata also indicate that L sakei 23K, although formally 
described as belonging to L. sakei subsp. sakei, should be 
reafliliatcd with L sakei subsp. camosus. 
Variations of chromosome size and geometry between L 
sakei genotypic clusters. Next, we investigated the extent of 
genome size variation between L sakei isolates by PFGE anal-
ysis of I·Ceul-digested fragments. 1-Ceui mapping of the L. 
sakei chromosome reveals seven DNA fragments of various 
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FIG. 2. PO\ of L. sakei isolates b:.t-,cd on the presence or absence of 60 genetic markers. The main groups arc indicated within ellipsoids, and 
the sul-v,;;pccics type strains ami the reference strain L. sakei 23K arc denoted by rectangles. 
sizes and is an efficient tool for resolving the overall size and 
geometry of L sakei genome ( l3 ). Genome size data are 
shown in Table S 1 in the supplemental material. This analysis 
rcvcalcll important dilfcrences in genome size between the L. 
sakei strains. The mean chromosome size is 2.020 kb for the 
species, ranging from 1,814 :t 30 kb (strain CTC427, duster A) 
to 2,309 :t 79 kb (strain L'ni677, cluster I), which represents 
about 25% ( ~>500 kb) genome variation. A Gaussian proba-
bility distribution of the genome size data indicated that the 
chromosome size of L. sakei strains was not homogeneously 
distributed across this range (Fig. 4A). 
I Iowever, genome size cannot he tt'icd to distinguish be-
tween the two subspecies, since we noticed only a small di!Ier-
cnce between their average genome sizes (2,000 kb for L. sakei 
subsp. camosus versus 2,100 kb for L sakei subsp. sakei). Fur-
thermore. analysis of the genome size distributions across the 
!0 genotypic clusters (Fig. 413) revealed an important hetero-
geneity between them, explaining thereby the subpopulations 
observed in Fig. 4A Indeed some clusters show uniform in-
traspecics genome sizes but a marked di!Ierencc between them 
(e.g., average genome sizes of 1,895 kb for cluster A, 2,075 kb 
for cluster G, and 2,205 kb for cluster 1). Other clusters (e.g., 
clusters 13 and C) display a large heterogeneity, suggesting the 
possibility of further subpopulations. Clusters F and .I contain 
too few isolates to draw conclusions about the genome size 
trend in these clusters. 
Finally, the absence of fragment C7 corresponding to the 
rrnAB doublet was noticed in 15 strains ( ~·20% of the whole 
population). 
Many genotypes can be isolated ft'nm various meat/fish 
products. We observed that each of the 10 clusters comprised 
strains from at least three di!l'erent laboratory collections. 
Strains sourced from large collections (e.g., IN RA, Jouy-en-
Josas, France, and IRTA, Monells, Spain) did not cluster to 
themselves, but were distributed across the genotypic groups 
and clusters (average aliiliation with seven clusters for each set 
of 10 strains), indicating that the results were not int1uenced by 
local sampling bias (collection bias or geographical bias). Sim-
ilarly, the gcnot)11ie clusters (at least those with more than 11ve 
isolates) did not show signi11cant bias from the types of food 
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112- cluster B 160K- cluster C JG3- cluster D 
AGR53- cluster F CIP105422- cluster G 
FIG. 3. Comparative analysis of the GapA isoforms be tween o ne represen ta tive isola te from each of the 10 genotypic cl usters. For cluster I, 
two strains arc shown: strain 332, used as the source of many genes for clustering analysis, and strain 64. A typica l L. sakei 2D electrophoresis ge l 
in the pi range 4 to 7 is shown on the r ight (L. sakei 23K). A window has bee n drawn in the midd le area showing a closeup of the GapA reg ion. 
which is schematica lly superimposed onto each strain tested to illustrate the V~lfiat io ns in GapA isoforms. The ope n circles connect ed with a black 
line ind icate a prote in pattern highly conserved between stra ins, both on th e basis of migra tio n posiLion an d on the basis of leve l of expression. 
The str iped ell ipsoids represent the four GapA isoforms. Based on the 23K ge nome, the theore tica l molecula r masses of the corresponding prote ins 
shown in this fig ure are as follows: GapA. 35.5 kDa: LdhL, 35.4 kDa; PgK. 42.7 kDa. 
products from which I hey were isolaled (eco logical bias) . Fi -
nal ly, si rains isola te d fro m e ithe r raw o r fe rmenled prod ucls 
(process bias) were a lso eve nly distr ibute d be tween lhe 
gro ups. The refore, ou r resull s sugges l lha t lhe na luraJ di-
versity of L. sakei si rain s may be ide nlifi e d wilhi n eac h type 
o f food producl. 
DISCUSSION 
This study provides a n eva lualio n of intraspecies genomic 
variat ion of L. sakei an d generates, for the fi rst time, a com-
prehensive classificalio n o f natural isolales. 
O ur resulls show lhal the L. sakei species displays exle nsive 
(up to 500 kb) ch romoso me size varial ion betwee n isola les. 
The diJfe re nce covers - 25% of lhe average species genome 
size of 2,020 kb. Many compara tive genomic studies have re -
vea led thal intraspecies genom ic diversity may vary wide ly be-
tween species fro m ze ro to mo re than 20% (fo r reviews, see 
re fe re nces 9, 10, 12, and 25 a nd re fere nces cite d the rei n). T he 
exle nl of geno mic va ria tion wit hin a species is believed 10 
conl ribute lo the ecological and phenotypic pole ntials bac leria 
re quire fo r survival in a nd explo ilation of differe nt ecologica l 
niches and I he ability to respond to 11u ctua tio ns in their natural 
enviro nme nt (1). Therefore, the broad L. sakei in lraspecies 
diversi ly obse rved in meal si rains is likely to be a consequence 
of mea t providin g a range of complex ecologica l niches fo r 
microbial popu!a lions. A ll hough a lin k between genolypic clus-
le rs and possible ecotypes could no t ye l be es lablished using 
our ana lyses, we ca nno t discount lhe possibility lhat lhe num-
be r o f isolales exami ned (11 = 73) may have been loo sma!J lo 
fu!Jy apprecia le I he wide nalura l diversi ty of I he species. How-
ever, the strain s a na lyzed we re specifically chosen from a wide 
ra nge of Jabora lory collectio ns and care was laken wherever 
poss ible 10 include isolal ion sources represen lin g lbe range of 
L. sakei natural habi lals in food products. We have also shown 
lh al lhese two paramele rs (geograp hical and ecological) we re 
evenly dislribute d among I he ge no lypic clusters. Conseque ntly, 
o ur da ta suggest lhal many meal/fish products cou ld be lh e 
source of mu!liple L. sakei genotypes, possibly in combina lions 
o f ye t-lo-be-described eco lypes. 11 is possible that stra in s from 
several genolypes could successively dominate lbe ecologica l 
niche during meat slorage as a resu!l of I he dynam ic varia lions 
in microbial compe lition, 11uclua lion of nutrien t availabi tily, 
a nd changing re dox co nditions. 
In th is sludy, we provide a first insight into l he poss ible 
number of molecula r sub types withi n I he L. snkei species. The 
nalura l popu lal ion can be seen as comprising lwo 1nain groups 
of si ra ins: (i) L. snkei subsp. camosus, I he more diverse, com-
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FIG. 4. (A) Histogram distribution of ge nome sizes among L. snkei isolates. Strains are represe nted by bars above the geno me size axis. 
Histogram bars represe nt the number of strains wi lh in a genome size window of 30 kb (average standard deviat ion of PFG E measurements). The 
Gaussian probabi lily dislribulion of ge nome size in I he populalion (cslim aled dcnsily on I he lefl axis) is shown by lhe black smoolh line. (B) l'lol 
showing genome size distribution of L. sakei isolates ac-cording to their genotypic clustering. Th e thin hori zontal black line denotes the average 
ge nome size o[ 2,020 kb. Thick black hori zontal lines ind icate the ave rage ge nome size in each cluster. C luster F. co ntaining few isolates. was 
pooled wi th duster E for the <.~ nalysi s. T he genome size of each isolate is shown by an open circle. The subspecies type strains ;,md the reference 
23K str<1in are shown by filled circles. Aster isks on the left side of some circles denote the positions of stra ins lacking one copy of the m tA 8 douhlet. 
prised of 7 cluslers; and (ii) L. sakei subsp. sakei, co mprised o f 
3 cluslers. In bo th subspecies, we obse rved a tre nd toward a 
substantial difl"e re nce in genome size belweenthe various clus-
le rs. Therefore, om resull s favor I he hypo lhesis I hat I he major 
L. sakei geno typic groups have evolved sufficiently away fro m 
each o lher to yield populations wilh disce rnible ge nome sizes 
and this diOe re nce co uld be due 10 a dilferenlial adap1a1ion to 
a specific e nvironrnental pressure (microhabita l). Neverthe -
less, we noticed some int radustcr heterogeneity. For instance, 
some isolates show evidence of genomic rca rrangc mc nts (loss 
of one IT/I copy) and some Olhcr iso lal es have a genome size 
not fully represcnl al ive of the L. sakei popula lio n 10 which I hey 
belong (e.g. , slfain CfCI63 in cluster C, which appears to have 
evo lved by acq uiring a large amounl of ge ne tic maleria l I ha I 
dislinguishes il from ils close re la live). Such a " leap" may 
resull from lhe integra tion o f large DNA segme nls like pro -
ph ages o r conjuga live plasmid~, which are oft en associaled 
wilh genome evolution in baclcria ( 14, 34). T hese obse rvations 
strongly suggesl lhal de lelion and inlegra tio n events dyna mi-
cally contribule to the evolulion of I he L. sakei specie.s. 
lt remains possible U1at our clus lering approach cou ld result 
in a mall degree of abe rranl cluslering fo r some SI rai ns o r a 
biased estimatio n of lhe rea l num ber of mo lecu lar subtypes. 
For inst ance, PC R-based de tecl io n of gc ne lic markers can o nly 
conl"irm the presence ofparlicu lar genes but no t thei r abse nce. 
PCR amplificalion may fai l due 10 high nucleolidic polymor-
phism. Confi rm ation of I he absence of genes could be achieved 
us ing DNA microa rray techno logy. Howeve r, we consider th at 
a high nucleo lidic pol)~norphism belween st rains will be re-
lleclcd by phylogenelic dista nce and would therefo re have 
value for . tra in clus lering. We have focused on I he va riable 
ge nes o f stra in L. sakei 23K o nly because curre nlly il is the o nly 
stra in wilh a seque nced geno me. We have lried to address bias 
issues by introducing genes fro m o lher strains (espec ially fro m 
st rain 332F fro m L. sakei subsp. sakei and distantly relaled 
from slrain 23 K) and by removing mobile ele menls fro m lhe 
a nalysis because lhey are known 10 skew clusle rin g melhods 
and to mask the lineages. However, lhe reason for lhe seem-
ingly slrong bias observed in the subspecies ratio (78%/22%) 
rema ins unclea r. These findings could suggesl a mo re success-
ful adapta lion of L. sakei subsp. carnows to mea t e nviro n-
ments o r I hat other samp ling sources (food o r environm e nta l) 
shou ld be included to improve lhe recovery of L. sakei subsp. 
sakei isolales. In I his rega rd, we nole I hat although I he histo r-
ical origin of L. sakei has yc1 10 be del ermined, I he species tend 
lobe iso laled fro m sources a lmos1 exclusively relaled 10 mea l 
microb ial ecosystems. lr is also possible th at the genotypic a nd 
ecological boun daries between IIIC two subspecies may nol be 
so sharp. ]I cou ld also be o f intcresl to determin e whe lher 
microbial communi ty membership an d speci fic pressures in th e 
nal ural environment al samples could inlluence I he isolation of 
a given ge no1ype. 
Given lhese co ns ide ra tions, the nexl las k will be 10 es lablish 
if lh e ge no typic clusters ide nlified in our present study corre-
spond 10 phyloge ne tic lineages. T hi s task could be achieved 
using multilocus sequence typing, and our ge no lypic cl ustering 
could be used as a basis fo r selecting s i rains fo r such sllldies. 
Simila rly, co mparat ive microa rray-based genomic hybridiza-
lion analysis may he lp 10 refi ne I he ge no typ ic cluste ring, espe-
cially fo r L. sakei subsp. sakei isola tes fo r which our study may 
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have lacked some discriminating power. TI1is will require the 
characterization of the variable gene pools in a "ider pool of 
strains to produce new and meaningful information from this 
type of analysis. To this effect, we are currently establishing a 
project that ain1s to characterize the flexible gene pool in 
strains covering the whole genotypic diversity of the L. sakei 
spe<:ies (http://genomeJouy.inm.fr/sakei;biodiven;ity;html). We also 
believe that a sampling of new "undomesticated" strains from 
various traditional food products and from geographical areas 
underrepresented in our study (Asia, America, and Africa) 
would benefit further studies. \1eat and fish products currently 
represent the major ecological source of L sakei isolates. How-
ever, such products have only existed for a relatively short 
period of time. It is therefore possible that before meat prod-
ucts lin;t became available for adaptive colonization by L 
sakei, the species originated from sources such as the gastro-
intestinal tract of animals or the environment (e.g., pasture), 
where it may still survive as a minor component of the 
overall microbial population. Isolating and analyzing strains 
from such nonmeat environments might therefore reveal a 
greater and/or possibly different intraspecies diversity than 
currently appreciated. 
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TI1e abilities of tive Lactobacillus sakei strains and one Lactococcus lactis strain to retain inhibitory activity 
against several target organisms in the nara of product during 12 weeks storage of vacuum-packaged 
lamb and beef was investigated. L sakei strains were generally Found capable of developing dominant 
populalions on both beef and lamb. L lacris 75 grew poorly on lamb did not inhibit eo-inoculated 
Brocllothrt'( chem!Ospl!acm. Lamb inoculated w ith the Sakacin-A producer L. sakei Lb706 had lower listeria 
monocyrogenes populations than lamb inoculated with a bacteriodn-negative vatianl. In beef packs 
inoculated wi th Clostridium estertl!ericum spores and L sakei strain 27.44 or63, the developmem of blown-
pack spoilage was delayed by up w one week. Campylobacter jejuni inoculated onto beef was recovered 
from fewer packs when it was eo-inocula ted w ith 3000 CFU cm-
2 of L sakci strain 27.44 or 63. Observed 
inhibition did not always correlate with inhibition obseiVed in earlier media-based smdies. supporting the 
view that functionality identified using simple media-based screening methods may not be rep lica ted in 
the complex environment of stored foods, and vice-versa. These findings further defin e a set of L sakei 
strains with potential for the extended hie-preservation of minimally processed fresh beef and lamb. 
1. Introduction 
Lactobadllus sake I and Loctococcus /aclis produce lactic acid as the 
principle fermentation product and are members of a range of 
commercially useful lactic acid bdaeria (lAB) that include lactococci, 
pediococci and lactobacilli (Chill et aL. 2002; De Vuystand Vandanune, 
1994 ). In contrast, heterofermentative lAB, such as Leuconostoc, 
generate a mixture of end-products including lactic and acetic acids, 
diacetyl, C02 and ethanol (Kandler and Weiss, 1986; Stiles and Hol-
zapfel, 1997). 
Historica lly, lAB have played useful roles in food preservation 
due to the abili ty of some strains to augment the food environment 
in ways tha t discourage the growth of spoilage and pathogenic 
organisms without generating unacceptable organoleptic changes 
themselves. For example, organic acids produced by L sakei starter 
strains rapidly decrease the pH of salami to levels that restrict the 
growth of p;Jt hogens such as Escherichia coli 0157: 1-17 and Listeria 
monocyrogenes (Aymerich et aL. 1998; Leroy et aL, 2006). Some lAB 
also generate antagonistic molecules, such as bacteriocins, that act 
against specific organisms of concern. For example, Sakacin-A 
• Corresponding author. Te l.: +64 7 838 5370; f.lx : +64 7 838 5625. 
E~mai l address: rhys.joncsllagresearch.co. nz (R.J. jones). 
0740..0020/S - see front mJtter 0 2009 Published by Elsevier U.d . 
doi: 10.1016/j.fm.2009.06.003 
~ 2009 Published by Elsevier Ltd. 
which is produced by some strains of L sake i possesses strong 
activity against listeria species including L monocytogenes (Schil-
linger and Llicke, 1989). 
B.acteriocins tend to be specifi c for a narrow range of target 
organisms (Riley and Wertz, 2002 ). This is a useful property for 
fresh meat bio-preservat ion as inoculating with anti-microbial !AB 
has the potential to inhibit the growth of pathogens and spoilage 
organisms without repressing otl1erwise protective components of 
the background micronora. lnocula tingwith non-bacteriocinogenic 
lAB can also be useful as they can modifY the food environment in 
ways (e.g. acidification) that discourage the growth of unwan ted 
species without detracting from the overall qual ity of the product. 
Studies investigating lAB with anti-microb ial properties, poten-
tially useful for bio-preservation, are increasing as consumer 
demand for minimally processed foods grows (Chaillou et aL. 2005; 
Could , 1996; Stiles, 1996). ·n,e search for lAB inhibi tory to the 
meat-associated patlmgen L monocywgenes has perhaps received 
the greatest attention from the research community, due in p;1rt to 
the severe sequelae developing in a small proportion of infected 
individuals, but also in p;lrt to growing market and regulatory 
resistance to even minimal levels of L monocyrogenes in meat 
products (Anonymous, 2000). Similar efforts have gone into iden-
tifying lAB strains active aga inst other meat-associated p;Jthogens, 
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such as £. coli 0157:H7 and Campylobacrer j ejuni, as well as to 
spoilage organisms. In view of the large numbers of LAB reported in 
the literature as inhibitory to some of these target species it is 
perhaps surprising that few strains have progressed to commercia l 
products. TI1is may, in part at least. be a consequence of many 
inhibitory LAB detected using simple laboratory screening methods 
being incapable of reproducing identifi ed repress ive behaviours 
when introduced to complex food substra tes stored under 
commercial conditions (Schillinger et a l .. 1996). If this is the case, 
much time and resources could be saved by developing screening 
methods that better reflect the environment in w hich bin-preser-
vative LAB are intended to work. 
In this study, several strains of L sakei and L. lacris were exam-
ined for inhibitory activity in stored meat. The strains had previ-
ously been shown in laboratory screening to be inhibitory to one or 
more organisms of concern to the meat ind ustry Uones et al. , 2008). 
2. Methods 
2.1. lAB inocu lation stmins 
Six meat-sourced LAB strains (Table 1) were chosen for study 
based on inhibitory activity observed using agar-stab tests Uones 
er al., 2008). L sakei 27, 44 and 63; and L. lacris 75 were isola ted 
from chill-stored New Zealand meat products. L sakei Lb706 
produces the anti-listeria/ bacteriocin Sakacin-A and L sakei Lb706b 
is its non-bacteriocinogenic variant (Schillinger and Liicke, 1989). 
For each LAB strain. streptomycin-resistant subpopulations were 
selected by sequential sub-culture in Todd-Hewitt Broth (Becton 
Dickinson, Sparks, MD. USA) containing streptomycin sulphate 
(AMRESCO, Solon, OH, USA) at doubling concentra tions ranging 
from 2 ltg ml- 1 to 500 11g ml- 1• Cultures were incubated at 24 •c 
until turbid before sub-cu ltu ring to the next higher concentration. 
2.2. Targec strains 
The four target strains selected for evaluation had earlier been 
shown by ]ones et a l. (2008) to be inhibi ted by LAB in agar-stab 
tests (Table 1 ). The strains were L monacyrogenes L70, isolated from 
meat; C. jejuni NZRM4198, a clinical isolate; Brochorluix rhennos-
phacta ATCC 11509, isolated from pork; and Clostridium estercheri-
cum ATCC51377, isolated from vacuum-packaged beef. 
2.3. Maintenance of cultures 
All strains were stored at - 80 •c in broth containing 40% glycero l. 
The broths used were for LAB, MRS; for L monocyrogenes and 
B. rhennospl!acta, Luria Broth ( LB ); for C. estertl!ericum, Peptone Yeast 
Glucose Starch broth (PYGS; Lund et al., 1990); and for C. jejuni, 
Table 1 
LAB strains used for inoculation and their antimicrobia l activities found previous ly 
using agar-stab tests. a 
lAB strains Target organism 
L monoey~nes C. jejuni B. lhermosphacta C esterthetirum 
L70 NZRM4198 ATCC11509 ATCCSBn 
L sokei lb706 + b 
L sakei Lb7060 -
Lsakei Z7 + 
Lsakei 44 
Lsakti 63 + 
Liactis15 + 
1 jones et al. (2008). 
b Inhibition. 








Mueller-Hinton Broth (MHB; Becton Dickinson). Cultures of strep-
tomycin-resistant LAB were prepared from glycerol stocks by 
streaking bacteria onto All Purpose Tween (APT) agar (Becton Dick-
inson) plates containing 500 rtg ml- 1 streptomycin sulphate and 
incubating the plates anaerobically for 48 h at25 •c. L. monocytogenes 
and B. lhennosphacta cultures were similarly prepared by streaking 
bacteria onto Luria Agar (LA), pH 7.0 containing per li tre 05 g NaCI, 
10 g tryptone peptone (Becton Dickinson ), 5 g yeast extract (Becton 
Dickinson ) and 12 g agar (Becton Dickinson). The plates were incu-
bated anaerobically for 48 hat 24 •c. Stocks of C. esrertl!eticum spores 
were prepared by growing C. escercheriaim in PYGS broth until large 
numbers of spores were visible microscopically. Vegetative cells and 
spores were washed in chilled saline and heated at 60 •c for 10 nlin to 
kill vegetative cells. Spore suspensions were washed twice and stored 
at - 20 •c. Spores were enumerated by seria l di lution on blood agar 
followed by anaerobic incubation at 10 •c for 14 d. C.jejuni was grown 
on plates of Mueller-Hinton Agar (MHA; Becton Dickinson) incu-
bated micro-aerophilically for 48 h at 37 •c. 
2.4. Meat inoculation and storage 
Replicate sets of five meat samples were inoculated w ith combi-
nations of LAB and target strains based on inhibitory activities 
previously observed in agar-stab tests (Table 1 ). Broth cultures of each 
inoculation strain were prepared by inoculating a loop-full of colony 
material into 10 ml APf broth and incubating for 24 h at 24 •c. LAB 
suspensions of 1 x 106 CFU ml- 1 and 1 x 103 CFU ml- 1 were prepared 
by adjusting the optical density of cultures to 0.5 at450 nm (~50 ) and 
diluting with sterile saline ( 0.8% NaCI) according to a pre-prepared 
'tandard curve. A control su<;pension containing no LAB was also 
prepared using the same batch of APf broth. For experiments with 
lamb inoculated w ith L monocytogenes or B. chennosphacta, 0.5 ml of 
each suspension of L sakei Lb706 was inocula ted into each of five 
high-oxygen barrier bags (50 ml /m2/24 h/1 arm (1 atm = 101.29 kPa )/ 
23 •c - Cryovac, Porirua. New Zealand), for a total of 15 bags including 
the control. Each bag contained a s lice of fresh ly boned lamb shoulder 
obtained from a local abattoir with a surface area of 150 cm2. Inocula 
were 0 CFU cm- 2 for the control samples and approximately 
3000 CFU cm- 2 and 3 CFU cm- 2 for each respective suspension after 
application. The procedure was repeated for L sakei Lb706b using 
fresh sets of lamb samples. A 1 x 102 CFU ml- 1 suspension of 
L monocyragenes was prepared in a similar way and 0.5 ml inoculated 
into each set of five bags containing tl1e three different inoculums 
levels of L sakei. TI1is procedure was also used for B. rhennosphacta 
experiments except that lamb slices were inoculated w ith L lactic 75 
and B. thennosphacca. 
For experiments with beef inoculated with C. jejuni and 
C. esrertllericum, 1 cm thick s lices of fresh beef stiploin with 
a surface area of approximately 300 cm2 were each inoculated with 
1 ml volumes of suspensions to obtain the same initial numbers as 
with inoculated lamb. For C. jejuni experiments, three sets of 15 
beef s lices were prepared. A set was inocula ted w it h each of L sakei 
stra ins 27, 44 or 63. A 1 ml portion of a C. jejuni suspension 
containing 1 x 103 CFU nll- 1 was then inoculated into each bag. For 
C. esrerrheticum experiments. the same method was used except 
packs were inocu lated with 1 ml of a suspension of C. estertheticum 
spores containing 1 x 102 CFU ml- 1. AU inoculated samples were 
vacuum-packaged and stored for 12 weeks at -1.5 •c. 
2.5. Sampling and analysis 
Packs inoculated with C. esrerrhelicum were examined at weekly 
intervals and gas accumu lation was assessed on a scale of 0-4 
where 0 = no observab le gas bubbles; 1 = a few small bubbles ; 
2 = larger numbers of bubbles but no loss of packaging; 3 = loss of 
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vacuum; and 4 = obvious pack inflat ion (Brightwe ll et a l., 2007). All 
packs were opened a fter 12 weeks storage. One mea t sample of 
a pproximately 50 cm 2 surface area and -20 cm3 volume was 
removed from each piece of stored meat using a sterile borer. 
Excised samples were homogenized for 2 m in in 80 ml Maximum 
Recovery Diluent (M RD; Becton Dickinson ) using a stomacher 
(Seward, Worthing, Sussex, UK) and Whiri-Pa kr• fil ter bags (Nasco, 
Fort Atkinson, Wl, USA). For bacterial analysis, homogenates were 
seria lly diluted in MRD. Anaerob ic bacteria populations, presump-
tive JAB populations and inoculated JAB populations were assessed 
by plating serially-diluted fi lrrate on, respectively, Plate Count 
Agar (PCA; Becton Dickinson ), MRS aga r (Becton Dickinson ), and 
lA conta ining 500 ~g ml- 1 srreptomycin sulphate (Fort Richard 
Laboratories , Otahuhu, New Zealand). Inoculated plates were 
incubated anaerobically at 24 ' C for 72 h a nd colonies counted . 
To determine the presence or absence of viable C. jejuni, 10 ml of 
each homogenate w as added to 90 ml Complete Bolton Broth (Fort 
Richard Laboratories) and incubated for 4 h at 30 ' C the n for 44 h at 
42 •c. One loop-full of t he enriched bro t h was the n streaked onto 
Campylobacte r Blood-Free agar (mCCDA, Fort Richard Laboratories) 
and incubated micro-aerophilically for 48 h at 42 ' C. After incu-
bation, typical colonies were confirmed as presumptive Campylo-
bacter using da rk- fi eld microscopy. 
Enumeration of L monocytogenes was performed by plating seri-
ally-diluted homogenates onto Modified Oxoid agar pla tes (MOX, Fort 
Richard Laboratories) that were incubated for 24 h at 24 •c then for 
48 h at 30 •c. B. thennosphacra and C. esrerthelicum populations were 
determi ned using real- lime PCR (qPCR). Template DNA was prepared 
by suspending 10 !11 of homogenate in 90 ~~ PBS, centrifuging for 
5 nun at 4500 X g. followed by re-SUSpension Of th e pellet in 200 ~tl 
PBS containing lysozyme ar 10 mg ml- 1. After incubation at 37 •c for 
60 min, template DNA was extracted from the re-suspended ma teria l 
using a High Pure PCR Template Prepara tion Kit ( Roche Diagnostics, 
Mannhe im, Germany). A TaqMan 7300 thermocycler (Applied Bio-
systems; ABI, Foster City, CA, USA) was used to perform qPCR using 
a cycling protocol of so•c for 2 min a nd 95 ' C for 10 min for one cycle, 
fo llowed by 95 •c for 15 sand 62 •c for 1 min for 40 cycles. Reaction 
mixtures of 20 ~tl contained 2 !11 template DNA, 50 nM each offorward 
and reverse primers (lnvitrogen, Ca rlsbad, CA),100 nM ta rget-specific 
probe (ABI), 10 ~I Universal PCR Master Mix (ABI) and an in terna l 
control (Exogenous II'C Reagent Kit, ABI ). ·111e following primers and 
probes were used. B. rhennosphacra: Forward(TMBROF) TAAAGCTCG 
TTGTTAGAGAAGAACGT, Reverse(TM BROR) CAACGCTTGCCACCTACGT 
A, Probe(TMBR02) FAM-TGAGAGTAACTGITCACCCCTTGACGGTATCTA 
A-TAMRA C. estertl1elicum: Forward(C!ErMF) CGGCGGACGGGTG 
AGTAAC, Reverse(C!ETMR2) CGGGTCCATCTCAAAGTGRAAAT, Probe 
(C!ErMPROBE) FAM-CGrGGGrAACCrGCcrCAAAGAGGGG-TAMRA 
Standard curves for qPCR were prepared us ing DNA extracted from 
homogenates containing levels of B. rllennosphacra or C. esrerrhelicum 
pre-deternlined using STAA agar (R>rt Richa rd Laboratories) incu-
bated anaerobically at 25 •c for 72 h for B. rl1ennospl10cra: and pre-
reduced Columbia Agar (Becton Dickinson) supplemented w ith 5% 
sheep blood (Venous Supplies, Auckland, New Zealand) incubated 
anaerobica lly for 2- 3 weeks at 10 •c for C esrerLI1ericum. 
2.6. Sta tist.ica/ evaluation 
Statist ical evaluations were performed using GenStat for 
Windows software ( l Oth Edn. 2007, VSN lmernationalltd. , Hemel 
Hempstead, UK ). Bacte ria l popula tions were compared us ing 
a nalysis of va riance on log-transformed data. Gas prod uction data 
w ere compa red using analysis of variance on rank transformed 
da ta. The e ffect of L sakei levels on packs in w hich C. jejuni was 
inocula ted was analysed using the Fisher's Exact Test (Yates, 1984) 
incorporated in the GenStat programme. 
3. Results 
3.1. Inhibition of L monocyrogenes on Iamb by 
L sakei s lroins Lb706 and Lb706b 
After 12 weeks storage at - 1.5 ' C. m ean anaerobic populations in 
vacuum packs of chilled lamb ranged between 6.8 log CFU cm- 2, for 
cont ro l packs, and 7.7 log CFU cm- 2 for packs inoculated w ith L sakei 
lb706 a t 3000 CFU cm- 2 (Flg. 1 a ~ Streptomycin resista nt L sakei 
lb706 populations composed 98% and 47% of the microbial pop-
ulations in packs initially inoculated wi th 3000 and 3 CFU cm- 2 
respectively, and w ere not detected in cont ro l packs. For control 
packs, presumptive LAB populations were on average < 10% of the 
anaerobic population. L monocytogenes popu lations grew to mean 
numbers of3.5 1og CFU cm- 2 in control packs and to 3.3 1og CFU cnc 2 
in packs inoculated w ith L sakei lb706 at 3 CFU cm- 2. In contrast, 
L monocyrogenes were below the lim it of detection; i.e., 
<208 CFU cm- 2 in packs inoculated with L sakei lb706 at 
3000 CFU cm- 2 a nd their numbers w eresigni ficantly lower (p < 0.05) 
than the mean numbers of L monocytogenes in control packs or packs 
inoculated with L. sakei Lb706 at 3 CFU cm- 2 
For packs inoculated wi th L sakei lb706b, the m ean numbers of 
anaerobic populations were about 7.5 log CFU cm- 2 after 12 weeks 
storage (Fig. 1 b). Mean numbers of strep tomycin resis tant L sakei 
lb706b were 7.5 a nd 7.0 log CFU cm- 2 for samples inoculated w ith 
t11 e organism at 3000 and 3 CFU cm- 2 respectively; and were 68% 
and 32% of the respective anaerobic populations. The strain was not 
detected in control packs. Mea n L monocyrogenes populations were 
2.6 and 3.7 1og CFU cm- 2 for samples inoculated w ith the organism 
at 3000 and 3 CFU cnC 2, respectively. There were no s ignificant 
differe nces (p > 0.05) between numbers of L monocyrogenes in 
packs inoculated w ith L sakei l b706b and contro l packs. 
a 
r-
1 3 l 4 0 .!! " " ! 0 'ti ~ 
8' 4 c& 
....1 .. 
" .. .. 
3000 









L. sakellb706b lnocu latlon/cm2 
Ag. 1. Microflora for vacuum- packo1g~d lamb stor«l for 12 weeks ,l[ -1.5 "( after 
inoculation with 0.3 CFU cm 2 L m0110tytogeni•s L70 wi thout or with simultaneous 
inoculation with L sakei l.b706 (Fig. 1 a} or L sakei Lb706b (Fig. I b ) at 3000 or 
3 CFU cm 2. Counts ;ne presented as log CFU cm 2 values for inoculated L sakei (light 
grey b.us). presumptive lAB (mid-grey bars) . .;anaerobic (dark grey bars) and L mon-
ocylogenes (e ) popu lalions. Vert ic.ll lines represent stJmLud deviations associ.l t~ 
with e.1ch dillta set. 
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3.2. Inhibition of C. jejuni on beef by L sakei stroins 27. 44 and 63 
After 12 weeks storage, mean anaerobic populations in all packs 
ranged between 7.2 log CFU cm- 2, for control packs, and 
6.9 log CFU cm- 2 for packs inoculated with L sakei 63 at 3 CFU cm- 2 
(Fig. 2c). Streptomycin resis tant L sakei 27 populations composed 
60% and 3% of anaerobic populations measured in packs init ially 
inoculated with 3000 and 3 CFU cm- 2 respectively, and were not 
detected in control packs (Fig. 2a). Similarly, streptomycin resistant 
L sakei 63 populations composed 49% and 1% of anaerobic pop-
ulations in respectively inoculated packs and were not detected in 
control packs (Fig. 2c). In contrast. streptomycin resistant L sakei 44 
was not detected in packs initially inoculated with L sakei 44 or in 
control packs (Fig. 2b). Viable C. jejuni was recovered from all 
control packs and packs inoculated with L sakei strains 44 and 63 at 
3 CFO cm- 2 (Fig. 2b and c) but from only 60% of packs inoculated 
with the same level of L sakei 27 (Fig. 2a). Viable C. jejuni was also 
recovered from 60%, 60% and 20% of packs inoculated respectively 
with L sakei strains 27, 44 and 63 at 3000 CFU cm- 2 Overall, packs 
inoculated with 3000 CFU cm- 2 L sakei were associated with 
a lower amount (p < 0.05) of C jejuni recovery than either control 
packs or packs inoculated with L sakei at 3 CFU cm- 2• 
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Fig. 2. Microflora for vacuum-piKkaged beef stored fo r 12 weeks a.t - 1.5 (, c afte r 
inocu lation with 3 CFU cm 2. C jejuni NZRM4198 w it hout or with simulta neous 
inocu lation with L sakei 27 (Fig. 2a), L saket 44 (Fig. 2b) or L. sakei 63 (Fig. 2c) at 3000 
or 3 CFU cm 2. Counts are prestnted .u log CFU cm 2 values for inoculated L sakei 
(light grey b ars ~ presumptive LAB (mid -grey b.Jrs ) and anaerob ic po pula tions (dark 
grey bars ~ c jejuni populations ( e ) are presen ted as the percentage of packs positive 
for the organis m after sample enrichment and selection. Vertical lines represent 
srand.ud dev iations associated w ith each mkrobial count data set. 
3.3. Inhibition of c. esrerrheticum-associared gas production 
on beef by L sakei stroins 27, 44 and 63 
After 12 weeks storage, the average anaerobic populations in all 
packs ranged between 7.1 and 6.8 log CFU cm- 2 (Fig. 3a). Strepto-
mycin resistant L sakei 27 composed 52% and 3% of anaerobic 
populations measured in packs initial ly inoculated at 3000 and 
3 CFU cm- 2 respectively and was not detected in control packs 
(Fig. 3a). Sintilarly, streptomycin resistant L. sakei 63 composed 56% 
and 1% of anaerobic populations in respectively inoculated packs 
and was not detected in control packs (Fig. 3c). In contrast, strep-
tomyci n resistant L. sakei 44 composed less than 1% of the anaerobic 
population of packs inoculated with 3000 CFU cm- 2 and was not 
detected in packs inoculated with 3 CFU cm- 2 or in control packs 
(Fig. 3b). After storage, increased numbers of C. estertheticum were 
detected in packs inoculated with the target strain (Fig. 3a- c) and 
were not detected in un-inoculated control packs. Packs inoculated 
with L sakei 27 at 3000 CFU cm- 2 took a mean time of 8.8 weeks to 
accumula te gas to score value of 2 compared to 7.8 weeks for packs 
inoculated with 3 CFU cm- 2 and un-inoculated packs (Fig. 3a). 
Longer periods (8.4 and 8.5 weeks respectively) were also taken to 
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Rg. 3. Microflora for vacuum-packaged ~f stored for 12 weeks at -15 •c after 
inoculation wit h 0.3 CFU cm 2 C es rerrheticum ATCC51377 without or w ith simulta-
neous inoculation with L sakei 21 ( Fig.3a~ L sakei 44 (Fig. 3b) or L.sakei 63 (Fig. 3c) ar 
3000 or 3 CfU cm 2. Counts are presen ted as klg CFU cm 2 values fo r inoculated 
L sakei (light grey bars). presumptive lAB (mid -grey bo1rs~ anaerobic (dark grey bars) 
and C. escerrheticwn ( ) popular ions. Gas scores ( e ) are presen ted a.s the average time 
for packs to olCCumulate gas to a score of 2. Vertical lines represen t standard deviations 
olSSOCiated With each data set. 
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reach average gas scores of 2 by packs inocula ted with L sakei 63 or 
44 at 3000 CfU cm-2 compared to packs inocu lated with low or no 
levels of L sakei (Fig. 3b and c). Overall, packs inoculated with 
L sakei at 3000 cru cm- 2 rook longer to accumulate gas to score 2 
than either on-inoculated packs or packs inoculated with L sakei at 
3 cru cm- 2 (p < 0.05). 
3.4. Inhibirion of B. chermosphacta on Jamb by L Jacris strain 75 
After 12 weeks storage, mean anaerobic populations ranged 
between 8.0 and 7.2 log CfU cm- 2 in packs inoculated with L Ja cris 
75. Streptomydn resistant L laclis 75 populations were not detec-
ted in any pack. B. Lhennosphacra populations ranged between 6.0 
and 6.4 log cru an- 2 across all inoculated packs and composed 
between 3% and 6% of mean anaerobic populations. B. rhennos-
plwcta was not detected in packs llll-inoculated with the target 
strain. No significant differences (p > 0.05) were observed between 
B. thennosphacta populations in seeded and control packs. 
4 . Discussion 
The presumptive LAB recovered on MRS agar do not necessarily 
represent all LAB strains in a meat spoilage nora (Holza pfel, 1992: 
Reuter, 1985). This is evident with the nora of control packs, where 
counts on MRS were only fractions of anaerobic populations. The 
difference between MRS and anaerobic counts is likely due to the 
presence of such LAB as carnobacteria which, whi le commonly 
found on vacuum-packaged meat, do not grow w ell at pH 
values < 6 or on acetate-containing media (Jay, 1992; Sti les and 
Holzapfel, 1997). 
For a strain of LAB to be useful as a bio-preservarive, inhibitory 
activity observed using simple laboratory screening methods must 
be reproducible in the environment proposed for the orga nism's 
application. L sakei l.b706 produces the anri-listerial bacteriocin 
Sakacin-A and has been reported to be inhibitory for L mono-
cytogenes in or on media, including MRS broth and Luria agar, and 
when growing in processed meats such as cooked mince and raw 
sausage (]ones et al., 2008; Schillinger et al .. 1991 ). In the present 
study, we found that both L sakei l.b706 and its non-bacter-
iocinogenic ana logue Lb706b could predominate in the nora of 
fresh meat stored at - 1.5 •c and significant levels of L mono-
cytogenes inhibition could be obtained in packs inoculated with the 
bacteriocin producing strain. These findings confirm that L sakei 
might be used for control of listeria spp. on processed meats as 
others have suggested (Vermeiren et al., 2006), but further work is 
required to determine if the sensory qualities of lamb are affected 
by inoculation with L sakeL 
The extent to which L monocyrogenes was inhibited by L sakei 
l.b706 varied with the numbers of the inocula. TI1e findings of 
Vermeiren et al. (2006) were similar. Further work will be needed 
to determine optimal levels of L sakei inoculation for different 
types of meat products. The optimum levels might vary with the 
initial numbers of target organisms and their ability to compete 
with inoculated L sakei. 
C.jejuni has been isolated from fres h and frozen meat (Bosilevac 
et al, 2007; Stem , 1981: Wong et al., 2007). Although it is unable to 
grow at chill temperatures, C.jejuni is capable of remaining viable in 
vacuum-packaged meat during long periods of storage at - 1.5 •c 
(Dykes and Moor head. 2001 ) and thus represents a safe ty as well as 
a market access concern (Anonymous, 2000 ). We found that both 
L sakei 27 and L sakei 63 could become major components of the 
beef nora when inoculated at 3000 CFU cm- 2. ·n1is was associated 
w ith a lower incidence of C.jejuni detection compared to lm-inoc-
ulated packs and packs inoculated with L sakei at3 CfU cm- 2 L sakei 
27 was associated with a reduced incidence of C.jejuni recovery but 
had previously been found to be non-inhibitory for C.jejuni in agar-
stab experiments (]ones et al., 2008 ). This supports the conclusion 
that because anti-microbial effects of LAB can differ under different 
substrate and storage conditions, simple laboratory screening 
methods, wh ile convenient. may not detect LAB strains with inhib-
itory properties in other environments (Hequet et al .. 2007: Schil-
linger et al., 1996; Todorov and Dicks, 2005). Thus, L sakei 63, which 
was inhibitory in agar-based studies, formed approximately 1% of 
the anaerobic popu lation in packs inoculated w ith 3 CFU cm-
2 LAB 
and was not associated with a reduction in the numbers of packs 
positiveforC.jejuni.ln contrast, Lsakei 27, which was non-inhibitory 
in agar-based studies, was a larger component of the anaerobic 
population and was assodated with reduced recovery of C. jejuni. 
This indicates that inhibitory mechanisms other than those detect-
able by the agar-stab assay may be at work. Inoculation with L sakei 
44 was also associated with a reduced recovery of C. jejuni even 
though the inoculated strain was not detected after 12 weeks 
storage. The reason for the absence of L sakei 44 at the end of the 
storage period is not apparent from these results. However, because 
different LAB populations can develop in stored meat and sequen-
tially succeed each other as the environment is modified Uones, 
2004) the development of an inhibiting L sakei 44 population at an 
earlier stage of storage is possible. 
like L sakei 44 on beef, L /actis 75 on lamb was not detected 
after 12 weeks storage. However, unlike with L sakei 44, inocula-
tion with L lacris 75 was not associated with reduced numbers of 
B. chennosphacra. Streptomycin resistant L /acris 75 grows on 
Streptomycin Thallous Acetate Actid ione (STAA) agar, which is 
normally used for the selective enumeration of B. thennosphacta. 
B. lhennosphacra was therefore enumerated us ing qPCR. The rela-
tive proportions of viable and non-viable B. rhennosphacra could 
not be differentiated from the nucleotide sequences enumerated 
from week 12 samples. Nevertheless, because the numbers of 
sequences measured were similar with all treatments and were 
equivalent to about 6 log cru cm- 2 at week 12 after inoculation at 
0.3 log CFU cm- 2, it is evident that 8. tlwnnosphacta populations 
nourished in all inoculated packs. Consequently, L /actis 75 does not 
appear to be a potentially useful bin-preservative strain for this 
type of product. 
C. esrerrhet.icum causes blown-pack spoilage of vacuum pack-
aged meats, inciuding beef(Broda et al., 2002; Collins et al., 1992; 
Helps et al. , 1999). In beef inoculated with C. estert'heticum and LAB, 
we found that L sakei 27 and L sakei 63 were present in large 
numbers after 12 weeks storage. This is consistent with the findings 
for packs inoculated with C. jejuni and LAB. For all three strains of 
L sakei, packs inoculated with 3000 cru cm- 2 were assodated with 
longer average t imes for packs to lose their vacuum due to gas 
production. The longest delays were observed w ith L sakei 27. TI1is 
was unexpected because L. sakei 27 had previously been found to be 
non-inhibitory for C. estertheticum in agar-stab experiments (]ones 
et al., 2008). C. escerrheticum do not grow on anaerobically incu-
bated PCA and were therefore enumerated using qPCR. C. ester-
Lhelicum numbers were no lower after storage in packs inocu lated 
with L sakei 27 than in on-inoculated control packs, so differences 
in C. esrerrhetiarm populations at week 12 cannot explain the 
observed delays in gas accumu lation. TI1e reason for delayed accu-
mulation therefore remains unclea r although there is an association 
between delay and the presence of large. populations of L sakei 
generally. Delays in gas accumulations in packs inoculated with 
L sakei 44 and L sakei 63 were also not due to reduced C. esrer-
Lheticum populations after 12 weeks storage although, in contrast to 
L sakei 27, L sakei 44 and L sakei 63, had been found to be inhibitory 
to C. esrerche!icum in agar-stab assays. Inoculating beef with L. sakei 
at 3000 cru cm- 2 appears to be a possible method of delaying the 
onset of pack blowing, but only by a limited time. 
Plt!ase citt! this m.idt! in press as: ]Oilt!s. R.J. et al, lnllibition by Laaobacillus sakei of other species in the flora oL, Food Microbiology (2009). 
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